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Although  research  on  the  organophosphate  cholinesterase  (ChE)  inhibitors  has  focused 
primarily  on  inhibition  of  acetylcholinesterase  (AChE)  and  enhanced  cholinergic  transmission, 
these  actions  alone  cannot  explain  the  biochemical  and  physiological  effects  that  persist  long  after 
enzyme  activity  has  renamed  to  normal.  Although  evidence  indicates  that  some  organophosphates 
alter  the  disposition  and  metabolism  of  choline  and  choline-containing  compounds  in  the  nervous 
system,  the  relationship  of  these  changes  to  the  toxicological  manifestations  of  ChE  inhibition  has 
not  been  investigated. /Therefore,  one  objective  of  this  research  was  to  investigate  the  relationship 
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between  the  toxicity  of  the  organophosphates  and  the  metabolism  of  choline  and  choline-containing 
compounds  in  brain.  Specifically,  studies  included:  a)  determination  of  the  effects  of  choline 
supplementation  on  the  biochemical  and  toxicological  effects  of  the  organophosphates;  b) 
determination  of  the  effects  of  the  organophosphates  on  the  disposition  and  metabolism  of  choline; 
and  c)  elucidation  of  the  relationships  among  the  disposition  and  metabolism  of  choline,  the 
metabolism  of  acetylcholine  (ACh),  and  the  toxicological  manifestations  resulting  from  ChE 
inhibition. 

Studies  investigating  the  effects  of  choline  supplementation  on  the  actions  of  the 
organophosphates  indicated  that  supplemental  choline  was  ineffective  in  altering  the  biochemical  or 
toxicological  effects  of  these  compounds  in  rats.  Since  previous  results  indicated  that  choline 
supplementation  protected  mice  from  the  toxic  effect  of  paraoxon,  it  appears  that  the  mechanisms 
regulating  the  metabolism  of  choline,  as  well  as  the  specific  interactions  of  the  organophosphates 
with  biochemical  systems,  may  differ  between  the  two  species. 

The  second  major  objective  was  to  determine  the  effects  of  soman,  sarin, 
diisopropylfluorophosphate  (DFP),  and  paraoxon  on  choline/phospholipid  metabolism  and 
elucidate  the  relationship  of  these  changes  to  inhibition  of  ChE.  When  rats  received  doses  of  sarin, 
soman,  DFP,  and  paraoxon  that  totally  inhibited  ChE  activity  and  caused  similar  increases  in  ACh 
levels,  soman  and  sarin  increased  choline  levels  at  early  times  after  injection  (one  to  two  hours), 
whereas  DFP  and  paraoxon  had  no  effect  at  early  times,  but  decreased  choline  levels  at  twenty- 
four  to  forty-eight  hours  after  administration.  Thus,  alterations  in  choline  levels  were  independent 
of  both  ChE  inhibition  and  levels  of  ACh. 

Since  increased  choline  levels  may  result  from  phosphatidylcholine  hydrolysis  secondary  to 
convulsions,  the  role  of  seizures  and  phosphatidylcholine  catabolism  in  mediating  the  choline 
increase  was  investigated.  Soman  and  sarin  increased  the  levels  of  free  fatty  acids  in  brain  and  the 
increases  in  both  choline  and  free  fatty  acids  were  prevented  by  pretreating  animals  with  the 
anticonvulsant  diazepam.  In  addition,  bicuculline,  a  non-ChE-inhibiting  convulsant  also  elevated 
choline  levels.  Thus,  elevated  levels  of  choline  in  brain  induced  by  soman  and  sarin  may  be  the 
result  of  excitotoxic  effects  and  the  associated  catabolism  of  phosphatidylcholine. 

To  determine  whether  the  organophosphates  altered  phosphatidylcholine  catabolism,  the 
activity  of  phospholipase  A2  was  investigated.  Although  soman,  sarin,  and  DFP  inhibited  enzyme 
activity  in  vitro  to  the  same  extent,  only  DFP  was  active  in  inhibiting  enzyme  activity  after  in  vivo 
administration.  The  physiological  significance  of  enzyme  inhibition  was  evaluated  by  investigating 
the  postmortem  accumulation  of  choline,  a  functional  index  of  lipolytic  activity.  DFP  and 
paraoxon  inhibited  the  postmortem  accumulation  of  choline,  whereas  sarin  and  soman  had  no 
effect. 

Results  indicate  that  sarin,  soman,  DFP,  and  paraoxon  are  similar  in  inhibiting  ChE  and 
elevating  levels  of  ACh,  but  are  dissimilar  in  their  effects  on  choline  levels,  neuronal  activity,  and 
phospholipase  A2  activity.  These  differential  effects  may  explain  the  differences  in  ihe 
neurotoxicity  of  these  compounds. 
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SUMMARY 


Although  research  on  the  organophosphate  cholinesterase  (ChE)  inhibitors  has  focused 
primarily  on  inhibition  of  acetylcholinesterase  (AChE)  and  enhanced  cholinergic  transmission, 
these  actions  alone  cannot  explain  the  biochemical  and  physiological  effects  that  persist  long  after 
enzyme  activity  has  returned  to  normal.  Although  evidence  indicates  that  some  organophosphates 
alter  the  disposition  and  metabolism  of  choline  and  choline-containing  compounds  in  the  nervous 
system,  die  relationship  of  these  changes  to  the  toxicological  manifestations  of  ChE  inhibition  has 
not  been  investigated.  Therefore,  one  objective  of  this  research  was  to  investigate  the  relationship 
between  the  toxicity  of  the  organophosphates  and  the  metabolism  of  choline  and  choline-containing 
compounds  in  brain.  Specifically,  studies  included:  a)  determination  of  the  effects  of  choline 
supplementation  on  the  biochemical  and  toxicological  effects  of  the  organophosphates;  b) 
determination  of  the  effects  of  the  organophosphates  on  the  disposition  and  metabolism  of  choline; 
and  c)  elucidation  of  the  relationships  among  the  disposition  and  metabolism  of  choline,  the 
metabolism  of  acetylcholine  (ACh),  and  the  toxicological  manifestations  resulting  from  ChE 
inhibition. 

Studies  investigating  the  effects  of  choline  supplementation  on  the  actions  of  the 
organophosphates  indicated  that  supplemental  choline  was  ineffective  in  altering  the  biochemical  Or 
toxicological  effects  of  these  compounds  in  rats.  Since  previous  results  indicated  that  choline 
supplementation  protected  mice  from  the  toxic  effect  of  paraoxon,  it  appears  that  the  mechanisms 
regulating  the  metabolism  of  choline,  as  well  as  the  specific  interactions  of  the  organophosphates 
with  biochemical  systems,  may  differ  between  the  two  species. 

The  second  major  objective  was  to  determine  the  effects  of  soman,  sarin, 
diisopropylfluorophosphate  (DFP),  and  paraoxon  on  choline/phospholipid  metabolism  and 
elucidate  the  relationship  of  these  changes  to  inhibition  of  ChE.  When  rats  received  doses  of  sarin, 
soman,  DFP,  and  paraoxon  that  totally  inhibited  ChE  activity  and  caused  similar  increases  in  ACh 
levels,  soman  and  sarin  increased  choline  levels  at  early  times  after  injection  (one  to  two  hours), 
whereas  DFP  and  paraoxon  had  no  effect  at  early  times,  but  decreased  choline  levels  at  twenty-four 
to  forty-eight  hours  after  administration.  Thus,  alterations  in  choline  levels  were  independent  of 
both  ChE  inhibition  and  levels  of  ACh. 

Since  increased  choline  levels  may  result  from  phosphatidylcholine  hydrolysis  secondary  to 
convulsions,  the  role  of  seizures  and  phosphatidylcholine  catabolism  in  mediating  the  choline 
increase  was  investigated.  Soman  and  sarin  increased  the  levels  of  free  fatty  acids  in  brain  and  the 
increases  in  both  choline  and  free  fatty  acids  were  prevented  by  pretreating  animals  with  the 
anticonvulsant  diazepam.  In  addition,  bicuculline,  a  non-ChE-inhibiting  convulsar.t  also  elevated 
choline  levels.  Thus,  elevated  levels  of  choline  in  brain  induced  by  soman  and  sarin  may  be  the 
result  of  excitotoxic  effects  and  the  associated  catabolism  of  phosphatidylcholine. 

To  determine  whether  the  organophosphates  altered  phosphatidylcholine  catabolism,  the 
activity  of  phospholipase  A2  was  investigated.  Although  soman,  sarin,  and  DFP  inhibited  enzyme 
activity  in  vitro  to  the  .  ame  extent,  only  DFP  was  active  in  inhibiting  enzyme  activity  after  in  vivo 
administration.  The  physiological  significance  of  enzyme  inhibition  was  evaluated  by  investigating 
the  postmortem  accumulation  of  choline,  a  functional  index  of  lipolytic  activity.  DFP  and 
paraoxon  inhibited  the  postmortem  accumulation  of  choline,  whereas  sarin  and  soman  had  no 
effect. 

Results  indicate  that  sarin,  soman,  DFP,  and  paraoxon  are  similar  in  inhibiting  ChE  and 
elevating  levels  of  ACh,  but  are  dissimilar  in  their  effects  on  choline  levels,  neuronal  activity,  and 
phospholipase  A2  activity.  These  differential  effects  may  explain  the  differences  in  the 
neurotoxicity  of  these  compounds. 
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I.  EFFECTS  OF  CHOLINE  AVAILABILITY  ON  ACTIONS  OF  THE 
ORGANOPHOSPHATES 


BlQQQlfe 

Choline  is  an  ubiquitous  molecule  that  plays  a  major  role  in  both  the  synthesis  of  acetylcholine 
(ACh)  and  the  metabolism  of  phospholipids.  Although  some  controversy  exists  concerning  the 
forms  of  choline  available  for  the  synthesis  of  ACh.  it  is  generally  believed  that  a  significant 
portion  of  the  choline  used  for  the  synthesis  of  neurorransmitter  is  generated  from  the  hydrolysis  of 
ACh  (1-4).  When  this  source  of  choline  is  limited  under  conditions  of  cholinesterase  (ChE) 
inhibition,  the  steady-state  concentration  of  choline  may  decrease  (3,6).  Dose-response  studies 
utilizing  paraoxon  have  shown  a  biphasic  effect  of  this  compound  on  free  levels  of  choline  in  brain 
fifteen  minutes  following  injection.  Administration  of  0.115  mg/kg  paraoxon,  which  inhibits 
acetylcholinesterase  (AChE)  activity  in  brain  by  40%  and  increases  the  levels  of  ACh  by  20% . 
causes  a  significant  40%  increase  in  the  levels  of  free  choline.  However,  administration  of  0  23 
mg/Vg  paraoxon.  which  inhibits  brain  AChE  by  >90%  and  increases  the  levels  of  ACh  by  50%. 
causes  a  25%  decrease  in  the  levels  of  free  choline  (6).  Furthermore,  the  administration  of  choline 
chloride  sixty  minutes  prior  to  paraoxon.  which  did  not  alter  the  levels  of  choline  by  itself, 
prevented  the  paraoxon-mduced  decrease  in  the  levels  of  free  choline.  Results  of  recent  studies 
have  suggested  that  this  effect  of  choline  is  mediated  through  alterations  in  choline-containing 
phospholipids  (7).  Hence,  evidence  suggests  a  relationship  between  AChE  or  ChE  inhibition  and 
the  disposition  and  metabolism  of  choline  and  choline-containing  compound!. 


A.  TOXICITY  STUDIES 

Objective; 

a)  to  investigate  the  effects  of  dietary  choline  availability  on  the  toxicity  of  the  organophosphates 
in  rats 

Background 

Studies  have  indicated  the  presence  of  a  biochemical  interaction  between  the  neurotransmtner 
precursor  choline  and  the  organophosphate  paraoxon.  When  choline  was  administered  prior  to 
paraoxon,  choline  potentiated  the  paraoxon-mduced  increase  in  the  levels  of  ACh  and  prevented  the 
paraoxon-induced  depletion  of  choline  in  rat  brain  (6).  In  addition,  the  chronic  administration  ot 
choline  to  mice  protected  animals  from  the  toxic  effects  of  paraoxon  (8).  Mice  maintained  on  a 
choline-free  diet  were  more  susceptible  to  the  toxic  effects  of  paraoxon  than  mice  maintained  on  a 
choline-supplemented  (2.0%  choline  chloride)  diet.  Thus,  the  toxicity  of  paraoxon  in  mice  i\ 
inversely  proportional  to  the  concentration  of  free  choline  in  the  diet  (8).  Since  dietary  choline 
deficiency  decreases  brain  phosphorylcholme  levels,  wheieas  dietary  choline  supplementation 
increases  the  content  of  this  phosphatidylcholine  precursor  (9).  it  is  possible  that  the  toxic. ty  of 
paraoxon  nay  be  influenced  by  altering  the  dietary  intake  of  choline.  Therefore,  it  was  determined 
whether  choline  supplementation  could  protect  rits  against  the  toxicity  of  paraoxon. 

Methods 

Male  Sprague- Dawley  rats  (initial  weight  140- 160  g)  were  group  housed  and  maintained  on  a 
twelve  hour  light/dark  cycle  with  food  and  water  available  ad  libitum.  Rats  were  randomly 
assigned  to  one  of  three  dietary  groups  and  fed:  choline -deficient  chow  (0%  choline  chloride*, 
basal  choline  chow  (0.2%  choline  chloride);  or  choline-supplemented  chow  (2.0%  choline 
chloride)  for  twenty-eight  to  thirty-two  days.  Following  maintenance  on  the  dietary  regimens,  rats 
received  various  doses  of  paraoxon  subcutaneously  (sc)  and  the  percentage  of  animals  dying  in 
each  group  was  noted.  Dose  response  curves  were  constructed  and  the  LD50  values  (the  dose 
necessary  to  kill  50%  of  the  animals  in  each  group)  of  paraoxon  were  calculated  for  each  group. 
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Result* 

The  LD50  values  of  paraoxon  for  rets  maintained  on  the  choline-deficient,  basal  choline,  and 
choline-supplemented  chows  were  0.24,  0.21,  and  0.21  mg/kg,  respectively,  suggesting  no 
protective  effect  In  light  of  results  from  studies  by  Shih  (personal  communication)  indicating  that 
acute  choline  supplementation  did  not  alter  the  toxicity  6f  either  sarin  or  soman,  further  toxicity 
studies  were  not  pursued.  , 

Discussion 

On  the  basis  of  the  results  obtained,  it  appears  that  the  chronic  availability  of  choline  in  the  diet 
does  not  have  a  profound  influence  on  the  toxicity  of  paraoxon  in  rets.  It  is  interesting  that  while 
choline  supplementation  protects  mice  from  the  toxic  effects  of  paraoxon,  it  has  no  effects  in  rats. 
This  result  Implies  that  perhaps  the  mechanisms  regulating  choline  and  phospholipid  metabolism 
differ  between  the  two  species.  Since  no  significant  effects  of  choline  supplementation  on  the 
actions  of  organdphosphates  were  detected,  further  experiments  pursuing  a  possible  interaction 
between  organophosphate  toxicity  and  choline  supplementation  were  deemed  futile. 


B.  CHOLINESTERASE  STUDIES 
Objectives: 

a)  to  investigate  the  effects  of  dietary  choline  Availability  on  the  kinetics  of  AChE;  and 

b)  to  determine  the  effects  of  choline  supplementation  cn  the  inhibition  of  AChE  by  paraoxon 
and  fluoride 

Background 

Many  studies  have  suggested  that  choline  and  phospholipids  influence  the  activity  of  ChE  and 
its  susceptibility  to  inhibition  by  the  organophosphates.  A  number  of  membrane-bound  proteins, 
including  AChE,  are  regulated  by  their  phospholipid  environment  (10-12).  Administration  of  i 
phospholipid- rich  (20%)  diet  to  rats  has  been  shown  to  alt  tr  the  content  and  composition  of  cellular 
phospholipids  in  both  liver  and  brain  (13).  When  the  concentrations  of  non-choline-containing 
phospholipids  in  brain  were  significantly  increased  relat  ve  to  choline-containing  phospholipids, 
the  activity  of  AG.E  was  enhanced:  both  the  maximal  reiction  velocity  and  affinity  of  the  enzyme 
for  substrate  were  significantly  increased  (13).  Therefore,  studies  determined:  a)  the  effects  of 
dietary  choline  availability  on  the  kinetics  of  AChE;  and  b)  the  effects  of  choline  supplementation 
on  the  inhibition  of  AChE  by  paraoxon  and  fluoride. 

Methods 

Male  Sprague-Dawley  rets  (initial  weight  140-160  g)  were  group  housed  and  maintained  on  a 
twelve  hour  light/dark  cycle  with  food  and  water  available  ad  libitum.  Rats  were  randomly 
assigned  to  one  of  three  dietary  groups  and  fed:  choline-deficient  chow  (0%  choline  chloride); 
basal  choline  chow  (0.2%  choline  chloride);  or  chol  ne-supplemented  chow  (2.0%  choline 
chloride)  for  forty  to  fifty  days.  Following  maintenance  on  the  dietary  regimens,  rats  were  killed 
by  decapitation,  and  the  brains  were  removed  and  chilled  in  ice-cold  0.32  M  sucrose.  The  striata 
and  hippocampi  were  isolated,  weighed,  and  homogenized  (glass: teflon)  in  5  ml  0.32  M  sucrose. 
To  obtain  a  particulate  preparation  from  the  crude  mitochondrial  fraction,  samples  were  centrifuged 
at  1,000  x  g  for  ten  minutes  at  2°C.  followed  by  recentri|fugation  of  the  supernatant  at  17.500  x  g 
for  twenty  minutes  at  2°C.  The  supernatants  were  discarded  and  the  pellets  (crude  mitochondrial 
fractions)  were  resuspended  in  5  mM  phosphate  buffer  (pH-7.4)  for  a  concentration  of  0.5  ml 
buffer/100  mg  original  tissue  wet  weight.  Samples  were  homogenized  (g!ass:tcflon),  set  on  ice  for 
twenty  minutes,  and  centrifuged  at  47,000  x  g  for  twenty  minutes  at  2°C.  The  pellets  thus  obtained 
were  washed  with  0.5  ml  phosphate  buffer,  rehomof  enized,  and  recentrifuged.  The  crude 
mitochondrial  membrane  preparations  obtained  were  jesuspended  in  0.1  M  phosphate  buffer 
(pH-8.0)  for  tissue  concentrations  of  15  mg  original  tissue  wet  weight  per  milliliter  for  striata  and 
30  mg  original  tissue  wet  weight  per  milliliter  for  hippocampi. 
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AChE  activity  was  determined  spectrophotometrically  using  acetyithiocholine  as  substrate  (14). 
Tissue  samples  (0.1  ml)  were  preincubated  for  fifteen  minutees  at  room  temperature  with 
tetramonoisopropylpyrophosphonetramide  (iso-OMPA,  10  y.M)  to  ensure  inhibition  of  ChE. 
Substrate  was  added  to  initiate  the  reaction  and  the  rate  of  the  reaction  was  measured  for  a  period  of 
ten  minutes  using  the  Kinetic*  II  module  on  a  Beckman  DU-8  Spectrophotometer.  For  kinetic 
determinations,  five  concentrations  of  acetyithiocholine  were  employed  (0.01, 0.02, 0.1, 0.2,  and 
1.0  mM).  For  paraoxon  inhibition  studies,  tissues  were  preincubated  with  paraoxon  for  fifteen 
minutes  prior  to  the  addition  of  substrate.  The  concentrations  of  paraoxon  used  for  these  studies 
were  0.005-50.0  |iM.  For  allosteric  inhibition  studies,  the  samples  were  preincubated  with  sodium 
fluoride  (NaF)  for  fifteen  minutes.  The  concentrations  of  NaF  employed  were  0. 1-4.0  mM. 

Results 

Dietary  choline  availability  did  not  alter  the  kinetic  parameters  of  particulate  AChE  from  rat 
brain.  The  kinetic  characterization  of  AChE  from  striata  and  hippocampi  of  rats  fed  the  three 
dietary  regimens  is  presented  on  page  8  of  the  1982-83  Annual  Report  for  this  project. 

Choline  supplementation  did  not  alter  the  inhibition  of  AChE  activity  by  paraoxon  or  fluoride. 
Paraoxon  inhibited  AChE  activity  in  tissue  preparations  from  rats  fed  the  basal  chow  in  a 
concentration-dependent  manner  with  maximal  inhibition  occurring  at  10  pM;  a  concentration  of 
0.75  pM  produced  50%  inhibition.  No  differences  were  apparent  for  paraoxon- induced  inhibition 
of  AChE  activity  among  tissues  from  the  three  dietary  groups.  Similarly,  sodium  fluoride,  at 
concentrations  of  0.5  to  4  mM  produced  a  progressive  concentration-dependent  inhibition  of 
enzyme  activity.  A  maximal  effect  of  60%  inhibition  of  enzyme  activity  in  tissues  from  rats  fed  the 
basal  chow  was  achieved  with  4.0  mM  fluoride  and  no  differences  were  apparent  for  preparations 
from  rats  fed  the  supplemented  or  deficient  chows.  Total  enzyme  inhibition  could  not  be  achieved 
due  to  limited  solubility. 

Discussion 

Results  indicate  that  chronic  alterations  in  the  availability  of  choline  in  the  diet  do  not  affect  the 
kinetic  characteristics  of  AChE  in  a  paniculate  preparation  from  a  crude  mitochondrial  fraction  of 
rat  striatum  and  hippocampus.  Funhermore,  the  susceptibility  of  the  enzyme  to  inhibiton  was  also 
unaffected  by  modifications  in  the  dietary  intake  of  choline.  Hence,  while  previous  studies  have 
indicated  that  alterations  in  dietary  phospholipid  composition  modify  enzyme  activity  (13),  the 
present  results  suggest  that  modifications  in  the  dietary  intake  of  free  choline  do  not  produce 
similar  effects. 


C.  PHOSPHOLIPID  STUDIES 

Qbifioavca; 

a)  to  determine  the  effects  of  choline  supplementation  on  the  release  of  choline  from  phospho¬ 
lipids;  and 

b)  to  determine  the  effects  of  choline  supplementation  on  phospholipid  profiles  in  rat  brain 

Background 

It  is  well  documented  that  whether  administered  intrave.  ously,  intraperitoneally,  or  directly  into 
the  brain,  choline  is  metabolized  first  to  water-soluble  compounds  followed  by  conversion  to  lipid- 
soluble  esters  (15-17).  In  light  of  the  disappointing  results  obtain*d  from  the  studies  discussed 
above,  it  was  necessary  to  determine  whether  dietary  choline  availability  altered  phospholipids  in 
rat  brain.  Thus,  both  levels  of  phospholipids  and  the  release  of  choline  frvi.i  phospholipids  were 
determined  in  brain  from  rats  maintained  on  the  basal  and  choline-supplemented 

Mcihoda 

Male  Sprague-Dawley  rats  (initial  weight  140-160  g)  were  group  housed  and  maintained  on  a 
twelve  hour  light/dark  cycle  with  food  and  water  available  ad  libitum.  Rats  were  randomly 
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assigned  to  one  of  two  dietary  groups  and  fed:  basal  choline  chow  (0.2%  choline  chloride);  or 
choline-supplemented  chow  (2.0%  choline  chloride)  for  twenty-eight  to  thirty-two  days.  For 
studies  on  the  release  of  choline  from  phospholipids,  half  the  animals  in  each  group  were  killed  by 
head-focused  microwave  irradiation  and  half  were  killed  by  decapitation.  Brains  were  removed, 
chilled  in  ice-cold  pentane,  and  the  striata,  hippocampi,  and  cortices  dissected.  Tissues  were 
homogenized  in  acetonitrile  containing  prop'onylcholine  as  an  internal  standard,  and  prepared  for 
the  determination  of  the  concentration  of  choline  by  pyrolysis  gas  chromatography  (18,19).  The 
rate  of  choline  production  was  determined  by  subtracting  the  concentration  of  choline  in  brains 
from  animals  killed  by  microwave  irradiation  from  the  concentration  of  choline  in  brains  from 
animals  killed  by  decapitation. 

For  determination  of  the  effects  of  dietary  choline  availability  on  membrane  phospholipid 
profiles  in  rat  striatum,  animals  were  maintained  on  the  basal  or  supplemented  diets  as  described. 
Rats  were  killed  by  decapitation  and  the  striata  were  removed,  homogenized  in  0.32  M  sucrose, 
and  synaptosomal  membranes  and  microsomes  were  prepared  (20).  Phospholipids  were  isolated, 
separated  by  two  dimensional  thin  layer  chromatography,  and  analyzed  for  phosphorus  by 
spectrophotometry  (21,22). 

Results 

To  provide  a  measure  of  the  functional  ability  of  the  brain  to  con ven  choline  esters  to  free 
choline,  the  rate  of  choline  production  postmortem  was  determined.  The  results  of  these  studies  are 
shown  in  Table  1.  Supplementation  with  choline  increased  the  rate  of  choline  production  in 
striatum,  hippocampus,  and  cortex  by  24%,  13%,  and  53%,  respectively.  Hence,  results 
suggested  an  effect  of  choline  supplementation  on  the  metabolism  of  bound  sources  of  choline. 

Since  the  production  of  choline  postmortem  is  thought  to  be  due  to  the  release  of  choline  from 
phosphatidylcholine,  the  concentration  of  this  compound,  as  welt  as  total  lipid  phosphorus,  was 
measured  in  synaptosomal  and  microsomal  fractions  from  striata.  The  results  of  these  studies  are 
shown  in  Table  2.  It  is  evident  that  dietary  choline  supplementation  did  not  alter  the  concentrations 
of  either  phosphatidylcholine  or  total  lipid  phosphorus  in  the  synaptosomal  membrane  fraction. 
However,  when  lipids  were  quantitated  in  the  microsomal  fraction,  a  significant  increase  was 
apparent  for  the  supplemented  group. 

Discussion 

Results  from  these  studies  indicate  that  chronic  supplementation  with  choline  in  the  diet  does  not 
lead  to  alterations  in  the  lipid  composition  of  neuronal  (synaptosomal)  membranes.  Although  an 
increased  intake  of  choline  does  significantly  elevate  circulating  levels  of  choline  and  leads  to  an 
increased  postmortem  release  of  free  choline,  it  does  not  increase  the  levels  of  either  free  choline  or 
phosphatidylcholine  in  a  neuronal  membrane  preparation.  The  functional  significance  of  the 
increased  phosphatidylcholine  and  total  lipid  phosphorus  content  of  the  microsomal  fraction  is 
unknown  at  this  time. 


II.  EFFECTS  OF  THE  ORGANOPHOSPHATES  ON  CHOLINE/PHOSPHOLIPID 
METABOLISM 

Rationale 

Administration  of  ChE  inhibitors  to  animals  causes  the  accumulation  of  ACh  (23-25),  which 
exerts  a  negative  feedback  effect  on  neurotransmitter  synthesis  (26-29).  Since  free  choline,  as  well 
as  choline-containing  compounds,  supplies  precursor  for  ACh  synthesis  (30,31),  it  is  reasonable 
to  expect  that  organophosphate  ChE  inhibitors  may  disrupt  the  mechanisms  regulating  the 
synthesis  of  ACh. 

Available  data  demonstrate  that  organophosphates  have  a  complex  spectrum  of  effects  on 
choline  metabolism  via  mechanisms  that  are  not  as  well  understood  as  those  by  which  they  affect 
ACh  metabolism.  Diisopropylfluorophosphate  (DFP)  is  the  agent  most  often  studied,  and  data 
show  that  after  acute  or  subchronic  administration  of  this  compound,  choline  levels  in  whole 
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Tablet 


Effects  of  Dietary  Choline  Supplementation  on  the  Postmortem  Production  of  Choline 


Brain  Region 

Rate  of  Choline  Production  (nmol/g/min) 

Dietary  Regimen 

Basal 

Supplemented 

Striatum 

30.2  ±2.81 

37.512.18* 

Hippocampus 

24.0  1  1.85 

27.0 1  2.25 

Cortex 

18.912.39 

28.912.46* 

Rats  were  maintained  on  either  basal  (0.2%  choline  chloride)  or  choline-supplemented  (2.0% 
choline  chloride)  chow  for  twenty-eight  to  thirty-two  days.  Animals  were  killed  by  either 
decapitation  or  head-focused  microwave  irradiation.  The  rate  of  choline  production  is  the 
difference  between  values  obtained  from  animals  killed  by  microwave  irradiation  and  those 
obtained  from  rats  killed  by  decapitation.  Choline  was  analyzed  by  pyrolysis  gas  chromatography 
(18,19).  Each  value  is  the  mean  ±  S.E.M.  of  determinations  from  seven  to  eight  rats  per  group. 
•Significantly  greater  than  basal  group  values,  p  <  0.05. 
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Table  2 


Effects  of  Dietary  Choline  Supplementation  on  Membrane  Phospholipids  in  Rat  Striatum 


Subcellular 

Dietary 

Phosphatidylcholine 

Total  Lipid  P 

'  Fraction 

Regimen 

(pmol/mg  protein) 

Synaptosomal 

Membranes 

Basal 

.3281  ±  .0564 

.8254  ±  .1637 

Supplemented 

.3313  ±  .0362 

.7398  ±.1059 

Microsomes 

Basal 

.4895  ±  .0151 

.9874  ±  .0552 

Supplemented 

.5498  ±  £142* 

1.208  ±.0694* 

Rats  were  maintained  on  either  basal  (0.2%  choline  chloride)  or  choline-supplemented  (2.0% 
choline  chloride)  chow  for  twenty-eight  to  thiny-five  days.  Animals  were  killed  by  decapitation 
and  the  striata  isolated.  Subcellular  fractions  were  prepared  (20)  and  phospholipids  were  isolated, 
separated  by  two  dimensional  thin  layer  chromatography,  and  analyzed  for  phosphorus  by 
spectrophotometry  (21,22).  Each  value  is  the  mean  ±  S.E.M.  of  determinations  from  five  groups, 
each  group  containing  striata  pooled  from  four  rats. 

♦Significantly  greater  than  basal  group  valaes,  p  <  0.05. 
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rodent  brain  are  significantly  depressed  (5,32-34).  In  contrast,  soman  causes  an  acute  elevation  in 
choline  levels  (35),  whereas  dichlorvos  causes  an  increase  in  choline  immediately  after 
administration  and  a  decrease  at  later  time  points  (36).  There  is  no  way  of  knowing  whether  these 
alterations  reflect  true  differences  in  the  mechanisms  of  action  of  different  agents,  or  simply  in 
pharmacokinetic  variables.  However,  since  the  small  free  choline  pool  in  brain  (37)  appears  to  be 
derived  from  several  sources  in  addition  to  ACh  hydrolysis,  there  are  many  points  in  the  metabolic 
pathways  of  choline  where  organophosphates  could  exert  an  effect 

The  few  studies  examining  the  mechanisms  of  organophosphate-tnduced  changes  in  brain 
choline  metabolism  have  suggested  that  phospholipid  metabolism  may  also  be  affected  (38,39). 
Most  of  the  choline  in  brain  is  in  the  form  of  phosphatidylcholine  (40).  Thus,  alterations  in  the 
metabolism  of  this  compound  are  likely  to  result  in  quantitatively  significant  changes  in  Drain 
choline  levels.  Free  choline  is  incorporated  into  phosphatidylcholine  via  a  series  of  enzymatically 
catalyzed  intermediate  steps  described  by  Kennedy  and  Weiss  (41).  A  study  by  Nelson  and 
Bamum  (38)  demonstrated  that  DFP  decreased  the  synthesis  of  phosphatidylcholine  and  the 
incorporation  of  radiolabelled  phosphate  into  phospholipids  in  mouse  brain  one  hour  after 
administration,  although  a  follow-up  study  (39)  showed  no  effects  of  this  agent  on  either  choline 
phosphotransferase  or  choline-phosphate  cyridylyltransferase. 

In  addition  to  inhibiting  phospholipid  synthesis,  organophosphates  may  affect  phospholipid 
degradation.  Dross  (32)  showed  that  DFP  decreased  the  postmortem  release  of  choline  and  the 
concentrations  cf  lysophosphatidyicholine  and  glycerophosphorylcholine  in  whole  rat  brain 
between  thirty  minutes  and  six  hours  after  administration.  The  postmortem  accumulation  of 
choline  is  thought  to  be  derived  primarily  from  phosphatidylcholine  (42)  and  may  proceed  via  the 
actions  of  phospholipases  A1  or  A2,  which  cleave  fatty  acids  from  the  one  or  two-position, 
respectively,  followed  by  the  actions  of  lysophospholipases,  which  remove  the  remaining  fatty 
acid  (43).  The  product,  glycerophosphorylcholine  (GPC),  is  readily  hydrolyzed  by  GPC 
phosphodiesterase  to  glycerol  phosphate  and  choline  (31,44-46).  Studies  suggest  the  inhibition  of 
phospholipase  A  as  a  possible  mechanism  for  the  depression  of  choline  levels  observed  with  DFP 
(32).  Inhibition  of  phospholipases  A  by  organophosphates  has  been  demonstrated  in  some 
systems  (47,48)  although  there  appears  to  be  only  one  study  on  nervous  tissue  that  directly 
demonstrates  inhibition  of  phospholipase  A  activity  by  organophosphates.  Cooper  and  Webster 
(49)  found  that  200  nM  DFP  inhibits  phosoholipase  A  extracted  from  human  brain. 
Phospholipase  D  and  lysophospholipase  D  activities  have  also  been  identified  in  brain;  they  release 
free  choline  from  phosphatidylcholine  and  lysophosphatidyicholine,  respectively  (31,50-52).  The 
effects  of  organophosphates  on  these  enzymes  have  not  been  investigated. 

In  general,  available  information  suggests  that  altered  choline  levels  in  response  to 
organophosphates  are  mediated  by  more  than  one  mechanism.  Some  effects  do  not  appear 
common  to  all  agents,  but  what  relationship,  if  any,  these  perturbations  have  to  ChE  inhibition  is 
unclear.  The  variety  of  agents,  doses,  and  experimental  protocols  used  in  previous  studies  makes 
valid  comparisons  impossible;  thus,  conclusions  lending  themselves  to  further  investigations  are 
difficult  to  draw.  Nevertheless,  there  appears  to  be  sufficient  indication  that  organophosphate 
compounds  could  affect  more  than  one  site  of  choline  metabolism.  While  it  is  unlikely  that  a 
simple  relationship  exists  between  organophosphate  poisoning  and  choline  metabolism,  the 
implication  of  this  relationship,  viz.,  that  structural  or  functional  damage  to  neural  membranes  may 
be  a  toxic  action  of  these  compounds,  is  a  significant  one.  To  examine  this  relationship  further, 
some  of  the  effects  of  four  organophosphates,  viz.,  soman,  sarin,  DFP,  and  paraoxon,  on  choline 
levels  in  brain  were  characterized.  Possible  mechanisms  linking  the  effects  of  the 
organophosphates  on  the  steady-state  levels  of  choline  to  ChE  inhibition,  ACh  accumulation,  and 
choline  lipid  metabolism  were  studied. 


A.  INITIAL  CHARACTERIZATION  OF  THE  EFFECTS  OF  THE  ORGANO¬ 
PHOSPHATES  ON  CHOLINERGIC  PARAMETERS  IN  THE  STRIATUM 
AND  HIPPOCAMPUS  OF  RAT  BRAIN 
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Objectives: 

a)  to  establish  dose-response  relationships  for  AChE  inhibition; 

b)  to  determine  whether  any  effects  on  choline  levels  were  dose-dependent  and  whether  the 
dose  dependency  was  similar  to  that  for  AChE  inhibition;  and 

c)  to  determine  whether  or  how  the  concentrations  of  ACh  were  related  to  observed  alterations 
in  choline  levels 

Background 

The  organophosphate  ChE  inhibitors  have  been  reported  to  share  the  ability  to  elevate  ACh 
levels  in  brain,  but  their  effects  on  the  levels  of  free  choline  differ  considerably.  Several  studies 
have  shown  that  DFP  causes  a  prolonged  decrease  in  the  steady-state  levels  of  choline  in  brain 
between  one  and  forty-eight  hours  after  administration  (5,32-34).  In  contrast,  paraoxon  causes  a 
short-term  increase  in  the  concentration  of  free  choline  in  striatum,  but  not  in  cortex  or 
hippocampus  (6).  Similarly,  increased  levels  of  choline  have  been  observed  in  several  brain  areas 
within  one  hour  following  the  administration  of  soman  (35).  However,  dichlorvos  has  a  biphasic 
effect,  increasing  choline  levels  in  striatum  and  cortex  at  fifteen  minutes  after  administration  and 
decreasing  levels  at  three  and  twenty-four  hours  (36).  Therefore,  there  is  preliminary  evidence  to 
suggest  that  the  organophosphate  ChE  inhibitors  may  differentially  affect  the  metabolism  of 
choline,  but  comparisons  from  the  literature  are  difficult  due  to  variations  in  routes  of 
administration,  dosages,  and  brain  regions  studied. 

To  ascertain  whether  the  observed  changes  in  choline  levels  are  the  result  of  ChE  inhibition 
requires  a  comparative  study  of  consistent  design.  Therefore,  initial  experiments:  a)  established 
dose-response  relationships  for  AChE  inhibition  for  sarin,  soman,  DFP,  and  paraoxon  so  that  the 
effects  of  equipotent  doses  of  each  compound  could  be  compared;  b)  determined  whether  any 
effects  on  choline  levels  were  dose-dependent  and  whether  the  dose  dependency  was  similar  to  that 
for  AChE  inhibition;  and  c)  determined  whether  or  how  the  concentrations  of  ACh  were  related  to 
observed  alterations  in  choline  levels. 

Methods 

Male  Sprague-Dawley  rats  (200-300  g)  were  group  housed  and  maintained  on  a  twelve  hour 
light/dark  cycle  with  food  and  water  available  ad  libitum.  Rats  received  injections  of  DFP  (using 
peanut  oil  as  the  control),  paraoxon,  sarin,  or  soman  (the  latter  three  using  saline  as  the  control). 
Rats  were  killed  one  to  two  hours  following  the  injection.  For  AChE  activity  measurements,  rats 
were  killed  by  decapitation;  for  ACh  and  choline  determinations,  rats  were  killed  by  head-focused 
microwave  irradiation.  The  striata  and  hippocampi  were  dissected  on  ice  and  tissues  were  prepared 
for  the  spectrophotometric  determination  of  AChE  activity  (14)  or  for  the  gas  chromatographic 
determination  of  the  levels  of  ACh  and  choline  (18,19). 

Results 

The  dose-response  curves  for  inhibition  of  AChE  aenvity  in  stnatum  and  hippocampus  by  each 
of  the  compounds  studied  are  shown  in  Figure  1.  The  IC50  values  for  both  brain  areas  were 
similar  and  were  for  striatum  and  hippocampus,  respectively:  44  and  33  pg/kg  for  soman;  73  and 
68  |ig/kg  for  sarin:  0.12  and  0.09  mg/kg  for  paraoxon;  and  0.36  and  0.34  mg/kg  for  DFP. 

The  effects  of  the  organophosphates  on  the  levels  of  choline  in  brain  are  shown  in  Figure  2. 
When  choline  levels  were  measured  one  hour  after  the  administration  of  soman  (70  (ig/kg)  and 
sarin  (100  f-tg/kg),  doses  that  inhibited  AChE  activity  by  90-100%,  a  significant  increase  in  the 
levels  of  choline  was  evident  in  both  brain  regions.  The  increases  induced  by  sarin  and  soman 
were  of  similar  magnitude,  with  the  effect  in  the  hippocampus  (201-214%  of  control)  larger  than 
that  in  the  striatum  (133-152%  of  control).  In  contrast,  no  changes  were  noted  in  either  tpin  area 
from  rats  injected  with  paraoxon  (0.23  mg/kg)  or  DFP  (1.8  mg/kg),  doses  that  also  inhibited 
AChE  activity  by  90-100%. 

It  was  possible  that  one  hour  of  AChE  inhibition  following  the  administration  of  DFP  and 
paraoxon  was  insufficient  to  produce  an  effect  because  studies  have  shown  that  the  effect  of  soman 
was  time-dependent  (35).  Therefore,  the  effects  of  the  organophosphates  on  brain  levels  of 
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Figure  2 

Effects  of  Soman,  Sarin,  DFP,  and  Paraoxon  on  the  Levels  of  Choline 
in  the  Striatum  and  Hippocampus 

Rats  received  injections  (sc)  of  soman  (SOM,  70  ng/kg),  sarin  (SAR,  100  ug/kg),  paraoxon  (PX, 
0.23  mg/kg),  DFP  (1.8  mg/kg),  or  control  vehicle  (saline  (SAL)  or  oil)),  and  were  killed  one  hour 
after  injection  by  head-focused  microwave  irradiation.  Choline  levels  were  quantified  by  pyrolysis 
gas  chromatography  (18,19).  Bars  are  means  ±  S.E.M.  of  determinations  from  three  to  eighteen 
rats  per  group.  1 

♦Significantly  different  from  corresponding  control  values,  p  <  0.05. 


SAL  SOM  SAR  PX  OIL  OFP  SAL  SOM  SAR  PX  OIL  OFP 


20 


choline  were  determined  at  intervals  up  to  ninety-six  hours  following  injection  (Figure  3).  The 
effect  of  soman  (70  pg/kg)  was  maximal  at  two  hours,  with  increases  to  188%  and  430%  of 
control  in  striatum  and  hippocampus,  respectively.  The  concentration  of  choline  remained 
significantly  elevated  for  three  hours  following  injection  and  returned  to  control  by  four  hours. 
The  effects  of  sarin  (100  |ig/kg)  were  less  pronounced  than  those  of  soman  (168%  and  366%  of 
control  in  striatum  and  hippocampus,  respectively,  at  two  hours),  but  the  time  course  for  changes 
was  identical  for  both  compounds. 

In  contrast  to  the  effects  of  sarin  and  soman,  the  administration  of  DFP  (1.8  mg/kg)  did  not  alter 
the  levels  of  choline  during  the  fust  three  hours.  However,  a  significant  3043%  decrease  was 
evident  in  the  striatum  from  four  to  forty-eight  hours  after  administration.  Similar  but  less 
pronounced  effects  of  DFP  were  noted  in  the  hippocampus.  The  administrate  of  paraoxon  (0.23 
mg/kg)  did  not  alter  choline  levels  in  the  striatum  at  early  times  after  injection,  but  significantly 
decreased  them  (by  23%)  at  twenty- four  hours.  In  the  hippocampus,  paraoxon  significantly 
increased  choline  levels  by  38%  at  two  hours  ard  decreased  levels  at  twenty-four  hours.  These 
results  indicate  that  the  effects  of  soman  and  sarin  on  choline  levels  in  brain  differ  from  those  of 
DFP  and  paraoxon  and  suggest  that  the  differential  effects  are  due  to  intrinsic  differences  among 
the  mechanisms  of  action  of  the  organophosphates. 

Since  studies  have  suggested  that  muscarinic  receptor  stimulation  may  enhance  the  release  of 
choline  from  brain  and  other  tissue,  it  was  determined  whether  the  increase  in  choline  was  related 
to  or  dependent  on  an  increase  in  the  levels  of  ACh.  In  the  stratum,  doses  of  DFP,  paraoxon,  and 
soman  that  similarly  inhibited  AChE  activity  (by  90-100%)  produced  the  same  relative  increase  in 
ACh  levels  at  one  hour  following  administration,  whereas  a  comparable  dose  of  sarin  produced 
less  of  an  increase  (Figure  4).  In  the  hippocampus,  the  increase  in  ACh  levels  following  the 
administration  of  paraoxon  and  DFP  was  less  than  that  produced  by  soman  and  was  not  different 
from  that  induced  by  sarin.  Since  neither  DFP  nor  paraoxon  increased  choline  levels  in  striatum, 
data  indicated  that  increased  muscarinic  receptor  stimulation  via  increases  in  endogenous  levels  of 
ACh  was  not  mediating  the  choline  increase.  In  addition,  although  the  increase  in  ACh  levels  in 
the  sniatum  induced  by  sarin  was  less  than  that  induced  by  paraoxon  and  DFP,  sarin  did 
significantly  elevate  choline  levels. 

Since  the  doses  of  the  four  compounds  used  for  evaluating  effects  on  choline  levels  inhibited 
AChE  activity  by  90-100%,  it  appeared  that  the  choline  increase  elicited  by  soman  and  sarin  was 
unrelated  to  AChE  inhibition.  To  substantiate  this  finding,  various  doses  of  sarin  (60-100  pg/kg) 
and  soman  (30-73  pg/kg)  were  administered  and  the  choline  levels  in  both  striatum  and 
hippocampus  were  determined  one  hour  after  injection  (Tables  3  and  4).  Doses  below  the  IC50  for 
AChE  inhibition  did  not  alter  choline  levels,  whereas  doses  above  the  IC50  all  led  to  the  same 
relative  increase.  Administration  of  paraoxon  or  DFP  did  not  alter  choline  levels  in  these 
experiments,  in  agreement  with  the  previou'  results.  Therefore,  while  changes  in  choline  levels  did 
not  reflect  AChE  inhibition,  there  was  a  specific  range  of  doses  of  soman  and  sarin  that  produced 
the  effect.  Furthermore,  measurements  of  AChE  activity  following  the  injection  of  sarin  and 
soman  indicated  no  recovery  of  enzyme  activity  for  up  to  four  hours  (enzyme  activity  was 
inhibited  to  the  same  extern  as  determined  one  hour  after  injection  as  shown  in  Figure  1),  even 
though  data  indicated  that  choline  levels  returned  to  control  values  by  this  time  (Figure  3).  Hence, 
the  time-dependent  alterations  in  choline  levels  did  not  parallel  the  inhibition  or  recovery  of  AChE. 
The  independence  of  choline  levels  and  AChE  activity  are  futher  apparent  from  time-course  studies 
with  paraoxon  and  DFP.  These  results  are  shown  in  Figure  5.  Measurements  of  AChE  activity 
between  one  and  seventy-two  hours  after  the  administration  of  paraoxon  (0.23  mg/kg)  or  DFP  (1.6 
mg/kg)  indicated  that  enzyme  activity  remained  substantially  inhibited  in  both  brain  areas  between 
one  and  four  hours  after  the  administration  of  these  compounds  and  that  the  gradual  recovery  of 
enzyme  activity  after  this  time  did  not  parallel  the  fluctuation  in  choline  levels  which  were 
maximally  depressed  at  twenty-four  hours  and  recovered  by  seventy-two  hours  (Figure  3). 

Discussion 

The  Steady-state  concentration  of  choline  in  brain  represents  the  summation  of  numerous 
metabolic  processes.  Choline  is  both  released  from  and  incorporated  into  phospholipids  as  well  as 


Figure  3 


Time  Course  of  the  Effects  of  the  Organophosphates  on 
the  Levels  of  Choline  in  the  Striatum  and  Hippocampus 

Rats  received  injections  (sc)  of  soman  (7C  Jig/kg,  •- — *),  sarin  (100  (ig/tcg,  o — -o),  paraoxon 

(0.23  mg/kg,  • - ■),  DFP  (1.8  mg/kg.  A-—— A),  or  control  vehicle  (saline  (SAL)  or  oil)),  and 

were  killed  at  the  times  indicated  by  head-focused  microwave  irradiation.  Choline  levels  were 
quantified  by  pyrolysis  gas  chromatography  (18,19).  Each  point  is  the  mean  of  three  to  twenty- 
one  determinations.  For  clarity,  error  bars  have  been  omitted.  The  error  about  each  mean  was 
approximately  ±9%. 

♦Significantly  different  from  corresponding  control  values,  p  <  0.05. 
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Figure  4 

Effects  of  the  Organophosphates  on  the  Levels  of  ACh 
in  the  Striatum  and  Hippocampus 

Rats  received  injections  (sc)  of  soman  (SOM,  70  pg/ kg),  sarin  (SAR,  100  pg/kg),  paraoxon  (PX. 
0.23  mg/kg),  DFP  (1.8  mg/kg),  or  control  vehicle  (saline  (SAL)  or  oil)),  and  were  killed  one  hour 
after  injection  by  head-focused  microwave  irradiation.  ACh  levels  were  quantified  by  pyrolysis 
gas  chromatography.  Bars  are  means  ±  S.E.M.  of  determinations  from  three  to  nine  rats  per 
group. 

•Significartly  different  from  corresponding  control  values,  p  <  0.05. 
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Table  3 

Effects  of  the  Organophosphates  on  the  Levels  of  ACh  and  Choline  in  the  Striatum 


Dose 

ACh 

(nmol/g) 

% 

Control 

Choline 

(nmol/g) 

% 

Control 

Saline 

82.1  1  3.85 
(6) 

30.0 1 1.95 
(26) 

, 

Soman 

<IC50 

92.0  ±  3.90 
(10) 

112 

32.7  ±2.17 
(10) 

108 

>IC50 

I F  3  ±  6.79* 
(12) 

138 

42.9  1  4.30* 
(12) 

142 

Sarin 

<IC50 

81.7  ±4.46 
(3) 

100 

31.7  1  2.14 
(8) 

105 

>IC50 

112  ±  9.91* 
(8) 

137 

51.415.33* 

(9) 

170 

Paraoxon 

<1C50 

78.3  1  1.52 
(6) 

96 

32.6  1  3.21 
(7) 

108 

>IC50 

12014.62* 

(25) 

146 

32.012.14 

(18) 

106 

Oil 

85.312.13 

(13) 

30.1  1 1.76 
(ID 

DFP 

>IC50 

11315.47* 

(17) 

132 

29.51 1.79 
(17) 

98 

Rats  received  injections  (sc)  of  soman  (30-75  Mg/kg),  sarin  (60-100  Mg/kg),  paraoxon  (005-0.25 
mg/kg),  DFP  (0.1-1. 8  mg/kg),  or  control  vehicle  (saline  or  oil)  and  were  killed  one  hour  after 
injection.  ACh  and  choline  levels  were  determined  by  pyrolysis  gas  chromatography  (18,19). 
Analyses  indicated  that  the  effects  of  the  organophosphates  on  ACh  and  choline  levels  did  not 
differ  among  doses  either  below  or  above  the  IC50  for  AChE  inhibition  for  each  compound. 
Thus,  data  were  grouped  for  these  values.  The  1C50  values  were:  44  ug/kg  for  soman;  73  (igAg 
for  sarin;  0.12  mg/kg  for  paraoxon;  and  0.36  mgAg  for  DFP.  The  dose  ranges  below  the  IC50 
were:  30-40  ug/kg  for  soman;  60-70  ug/kg  for  sarin;  and  0.05-0.10  mgAg  for  paraoxon.  The 
dose  ranges  above  the  1C50  were:  50-75  ygAg  for  soman;  80-100  ugAg  for  sarin;  0.15-0.25 
mgAg  for  paraoxon;  and  0.5- 1.8  mgAg  for  DFP.  Each  value  represents  the  mean  ±  S.E.M.  The 
number  of  rats  per  group  is  in  parentheses. 

‘Significantly  different  from  corresponding  control  group  value,  p  <  0.05. 
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Table  4 


Effects  of  the  Organophosphates  on  the  Levels  of  ACh  and  Choline  in  the  Hippocampus 


Dote 

ACh 

(mnol/g) 

% 

Control 

Choline 

(nmoi/g) 

%  ' 

Control 

Saline 

24.5  ±  0.72 
(7) 

26.2  ±2.10 
(27) 

Soman 

<IC50 

25.8  ±  0.92 
(8) 

105 

20.7  ±  3.01 
(7) 

79 

>IC50 

39.9  ±  2.94* 
(14) 

163 

40.5  ±  6.66* 
(14) 

155 

Sarin 

<IC50 

26.3  ±0.12 
(3) 

107 

24.0  ±  4.86 
(3) 

92 

>IC50 

37.5  ±  3.74- 
t9) 

153 

45.1  ±  7.32* 
(ID 

172 

Paraoxon 

<IC50 

23  5  ±  0.73 
(8) 

% 

17.7  ±  0.82 
(7) 

68 

>1C50 

30.7  ±  1.47* 
(23) 

121 

32.6  ±  3  87 
(23) 

124 

Oil 

24  8  ±  0.65 
(12) 

24.1  ±2.68 
(12) 

DFP 

<!C50 

23.3  ±  0.05 
(2) 

92 

>IC50 

29.9  ±  1  11* 
(18) 

121 

22.8  ±  1.74 
(17) 

95 

Rats  received  injections  (sc)  of  soman  (30-75  pgAg).  sarin  (60-100  MgAg).  paraoxon  (0  05-0  25 
mgAg).  DFP  (0.1-1  8  mgAg).  or  control  vehicle  (saline  or  oil)  and  were  killed  one  hour  after 
injection.  ACh  *nd  choline  levels  were  determined  by  pyrolysis  gas  chromatography  (18,19). 
Analyses  indicated  that  the  effects  of  the  organophosphaie*  on  ACh  and  choline  levels  did  not 
differ  among  doses  either  below  or  above  the  IC50  for  AChE  inhibition  for  each  compound 
Thus,  dau  were  grouped  for  these  values.  The  1C50  values  were:  33  pgAg  for  soman;  68  pgAg 
for  sann;  0  09  mgAg  for  paraoxon;  and  0  34  mg/kg  for  DFP.  The  dose  ranges  below  the  1C50 
were:  30-32  pgAg  for  soman.  60-65  pgAg  for  sann;  0  05-0  07  mg/kg  for  paraoxon;  and  0.10 
-0  30  mg/kg  for  DFP.  The  dose  ranges  above  the  IC50  were:  40  75  pgAg  for  soman;  75- 100 
pg/Vg  for  sann;  0.10-0  25  mgAg  for  paraoxon;  and  0  50-1.8  mgAg  for  DFP.  Each  value 
represents  the  mean  t  S  E  M.  The  number  of  rats  per  group  is  in  parentheses. 

•Significantly  different  from  corresponding  control  group  value,  p  <  0.05. 
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Figure  5 

Recovery  of  AChE  Activity  in  the  Striatum  and  Hippocampus 
After  Administration  of  DFP  or  Paraoxon 


Rats  received  injections  (sc)  of  0.23  mg/kg  paraoxon  (o- — o)  or  1.6  mg/kg  DFP  (• - •)  and 

were  killed  at  the  times  indicated.  Enzyme  activity  was  determined  spectrophotometrically  (14). 
Control  activity  for  striatum  and  hippocampus  were,  respectively,  48.3±  2.72  and  8.55  ±  0.92 
nmol  acetylthiocholine  hydrolyzed  per  minute  per  milligram  wet  weight.  Activity  was  inhibited  by 
90-96%  at  one  hour.  Values  were  calculated  from  the  mean  ±  S.E.M.  of  three  to  seven 
determinations. 
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ACh,  the  former  representing  the  major  metabolic  pathway  (>95%)  for  choline.  Increased  levels 
of  choline  in  brain  may  result  from  either  decreased  incorporation  into  or  increased  release  from 
phospholipids.  Studies  have  shown  that  choline  levels  in  brain  and  choline  efflux  from  brain  and 
heart  are  increased  following  the  administration  of  ACh,  oxotremorine,  physostigi  *!  e,  and 
muscarine  (53*56),  indicating  a  possible  role  for  ACh  in  elevating  levels  of  free  choline.  The 
cholinergic  agonist-induced  changes  were  atropine-sensitive,  indicating  muscarinic  receptor 
involvement  Nevertheless,  results  from  the  present  study  do  not  support  an  ACh-mediated  event. 
Doses  of  soman  and  sarin  that  inhibit  AChE  activity  by  greater- than  50%  increase  the 
concentrations  of  both  choline  and  ACh  in  striatum  and  hippocampus  one  to  three  hours  after 
administration.  However,  doses  of  DFP  that  similarly  increase  the  levels  of  ACh  in  brain  do  not 
increase  the  levels  of  choline.  Furthermore,  studies  by  Ladinsky  et  al.  (S3)  indicated  that  although 
DFP  increased  ACh  levels  in  mouse  brain,  it  did  not  increase  choline  levels.  In  addition,  this 
group  also  reported  that  doses  of  physostigmine  that  increased  choline  levels  in  the  cerebellum  did 
not  alter  ACh  levels  in  this  brain  area.  Thus,  both  this  and  the  present  data  suggest  that  factors 
other  than  increased  levels  of  ACh  must  be  involved  in  mediating  the  increased  choline  levels 
observed  after  soman  and  sarin  intoxication. 

One  such  factor  is  suggested  by  observations  during  these  experiments  that  soman  and  sarin 
caused  tremors  that  were  much  more  severe  than  those  observed  following  the  administration  of 
DFP  and  paraoxon.  While  all  injected  animals  showed  the  usual  symptoms  of  organophosphate 
poisoning  (muscle  fasciculations,  salivation,  and  diarrhea),  those  injected  with  either  sarin  or 
soman  also  exhibited  repetitive  head  bobbing,  often  lapsing  into  tonic  extension  with  clenched  jaws 
and  Straub  tail.  Occasional  oven  clonic  seizures  were  also  observed.  These  symptoms  persisted 
for  several  hours.  It  is  possible  that  the  accumulation  of  choline  observed  after  soman  and  sarin 
poisoning  was  related  to  their  excitotoxic  effects.  Soman,  when  administered  at  doses  comparable 
to  the  higher  doses  used  in  this  study,  produces  convulsions  and  increases  2-deoxyglucose 
phosphorylation  (57-59),  suggestive  of  generalized  stimulation  of  metabolic  activity.  It  is  well 
documented  that  seizures,  hypoxia,  and  cerebral  energy  deficit  cause  increased  accumulation  of 
free  fatty  acids  in  brain,  thought  to  be  derived  from  cell  membrane  phospholipids  (60-62).  This 
may  be  mediated  by  activation  of  phospholipases  (63).  Thus,  the  choline  increase  due  to  soman 
and  sarin  intoxication  may  be  a  consequence  of  seizure-related  phosphatidylcholine  hydrolysis. 

In  contrast  to  the  effects  of  sarin  and  soman,  the  administration  of  paraoxon  and  DFP  decreases 
choline  levels  four  to  twenty-four  hours  after  injection.  These  findings  are  in  agreement  with  those 
of  Russell  <f  at.  (33)  who  reported  that  DFP  decreased  choline  levels  by  12- 1 8%  in  whole  rat  brain 
between  four  and  twenty-four  hours  after  administration.  No  change  was  noted  in  the 
hippocampus  at  twenty-four  hours,  possibly  because  the  dose  of  DFP  administered  was  one  half 
ot  that  used  in  the  present  experiments.  In  addition,  Modak  et  al.  (36)  also  observed  a  depression 
in  choline  levels  of  striatum  and  hippocampus  between  three  and  twenty-four  hours  after  the 
administration  of  dichlorvos.  Since  the  present  data  indicated  no  temporal  relationship  between  the 
recovery  of  AChE  activity  and  the  alterations  in  choline  levels,  it  is  possible  that  the 
reestablishment  of  normal  choline  levels  more  nearly  parallels  the  recovery  of  an  enzyme  other  than 
AChE,  possibly  a  lipase.  As  mentioned,  decreased  choline  levels  may  result  from  inhibition  of 
phospholipid  hydrolysis.  Since  no  published  data  are  available  on  the  actions  of  soman  pnd  sarin 
on  lipase  activity,  why  they  may  be  different  from  DFP  in  this  regard  is  unknown. 

In  summary,  results  obtained  in  these  initial  studies  indicate  that  both  soman  and  sarin  increase 
choline  levels  in  brain,  a  characteristic  not  shared  by  all  organophosphate  ChE  inhibitors.  This 
choline  increase  appears  causally  unrelated  to  AChE  inhibition  or  elevated  levels  of  ACh  and 
possibly  reflects  enhanced  phospholipid  hydrolysis  secondary  to  alterations  in  brain  metabolism. 
In  contrast,  DFP  and  paraoxon  cause  reductions  of  choline  levels  in  brain  that  also  appear  unrelated 
to  either  AChE  inhibition  or  elevated  levels  of  ACh. 


B.  THE  ROLE  OF  CONVULSIONS  IN  THE  MOBILIZATION  OF  CHOLINE 
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Objectives: 

a)  to  determine  whether  the  sarin*  and  soman-induced  increases  in  free  choline  levels  in  brain 
were  unique  effects  of  these  agents  or  the  nonspecific  result  of  convulsive  activity;  and 

b)  to  identify  the  likely  source  of  the  free  choline 

Background 

The  results  obtained  in  the  initial  studies  suggested  that  examination  of  the  role  of  convulsions 
caused  by  the  organophosphates  was  important  for  understanding  the  mechanisms  responsible  for 
the  differential  effects  of  these  compounds  on  choline  levels.  It  has  been  reported  that  during 
convulsions  induced  by  convulsants  or  electroshock,  the  levels  of  free  fatty  acids  in  brain  increase 
severalfold  (60,64,65).  Although  one  source  of  these  free  fatty  acids  is  phosphatidylinositol 
(65,66).  phosphatidylcholine  has  also  been  suggested  as  a  source,  based  on  the  carbon  chain 
length  and  degree  of  unsaturation  of  the  accumulated  fatty  acids  (67,68).  However,  no  direct 
determinations  have  been  made  of  whether  or  how  much  of  the  free  bases  are  accumulated. 
Accumulation  of  free  fatty  acids  following  the  administration  of  soman  or  sarin,  in  conjunction 
with  elevated  levels  of  choline,  would  provide  more  direct  evidence  that  phosphatidylcholine  is  the 
source  of  the  free  choline  accumulated  in  brain  after  sarin  and  soman  poisoning.  Therefore, 
experiments  determined:  a)  whether  bicuculline  (a  convulsant  with  no  known  activity  on  AChE) 
would  increase  levels  of  free  choline  in  brain  in  a  manner  similar  to  that  of  sarin  and  soman;  b) 
whether  the  anticonvulsant  diazepam  would  prevent  the  sarin-  and  soman-induced  increases  in  free 
choline;  and  c)  whether  soman  would  concomitantly  increase  the  levels  of  free  fatty  acids. 

Methods 

Male  Sprague-Dawley  rats  (160-300  g)  were  group  housed,  maintained  on  a  twelve  hour 
light/dark  cycle,  and  had  access  to  food  and  water  ad  libitum.  Soman  and  sarin  were  diluted  with 
saline  immediately  prior  to  use  to  a  final  concentration  of  0.35  aand  0.57  mg/ml,  respectively. 
Bicuculline  was  dissolved  in  acidified  normal  saline  (3  drops  2  N  HC1/5  ml  saline)  prior  to  use  and 
was  injected  intraperitoneally  (ip).  Diazepam  was  dissolved  in  propylene  glycol:ethanol:water 
(4:3:3,  vol:vol:vol)  containing  one  drop  2  N  HQ/10  ml  to  a  final  concentration  of  4  mg/ml  and  was 
injected  ip. 

To  determine  the  effects  of  bicuculline  on  the  levels  of  free  choline  in  striatum  and 
hippocampus,  groups  of  animals  received  either  bicuculline  (6  mg/kg)  or  saline  and  were  killed 
four  minutes  after  injection  by  head-focused  microwave  irradiation.  A  four  minute  interval  was 
maintained  between  injection  and  microwaving  because  this  convulsant  causes  death  at  this  dose  in 
about  five  to  seven  minutes.  To  evaluate  the  effects  of  diazepam  on  the  soman-  and  sarin-induced 
increase  in  choline  levels  in  striatum  and  hippocampus,  groups  of  animals  received  either  vehicle  or 
diazepam  (4  mg/kg)  thirty  minutes  prior  to  the  injection  of  soman  (70  pg/kg,  sc)  or  sarin  (100 
pg/kg,  sc).  Animals  were  killed  two  hours  after  the  second  injection.  The  concentration  of  choline 
in  brain  for  both  series  of  experiments  was  determined  by  pyrolysis  gas  chromatography  (18,19). 

To  determine  the  effects  of  soman  on  the  levels  of  free  fatty  acids  in  brain,  groups  of  rats 
received  soman  (65-70  pg/kg,  sc)  and  were  killed  by  head-focused  microwave  irradiation  one  hour 
after  injection.  To  determine  whether  uiazepam  pretreatment  altered  the  effects  of  soman  on  free 
fatty  acids,  animals  received  injections  of  diazepam  (4  mg/kg,  ip)  thirty  minutes  prior  to  the 
administration  of  soman  and  were  killed  by  head-focused  microwave  irradiation  one  hour  after  the 
second  injection.  (These  studies  were  conducted  on  cerebral  hemispheres  rather  than  on  striatum 
or  hippocampus  because  larger  tissue  samples  are  required  for  the  free  fatty  acid  assay.  This 
approach  is  justified  in  view  of  evidence  that  most  regions  in  the  brains  of  soman-poisoned  rats 
had  elevated  levels  of  choline  (35)  and  increases  in  free  fatty  acid  levels  occur  in  whole  cerebrum 
of  convulsing  rats  (61)).  The  cerebra  were  removed,  chilled  in  saline,  bisected  sagitally,  and 
prepared  for  the  gas  chromatograph.c  separation  and  quantitation  of  free  fatty  acids  (21,60.61). 
The  specifics  of  this  procedure  are  presented  on  page  12  of  the  1984-85  Annual  Report  on  this 
project. 
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Results 

The  administration  of  bicuculline  to  rats  resulted  in  elevations  of  free  choline  in  both  striatum 
and  hippocampus  (Table  5).  Even  at  this  early  time  after  the  onset  of  convulsions,  the  choline 
levels  In  both  areas  were  elevated  by  82%.  A  control  experiment  verified  that  bicuculline  did  not 
inhibit  AChE  activity  by  itself.  These  results  indicated  that  increased  choline  levels  may  be  a 
consequence  of  seizures,  regardless  of  cause.  The  results  further  supported  previous  evidence  that 
AChE  inhibition  is  not  involved  in  the  increases  of  free  choline  seen  with  soman  and  sarin 
intoxication. 

When  rats  received  an  injection  of  diazepam  (4  mg/kg,  ip)  thirty  minutes  prior  to  the 
administration  of  soman,  the  soman-induced  increase  in  choline  levels  was  totally  prevented  in  the 
striatum  and  attenuated  it.  rhe  hippocampus  (Table  6).  When  the  effects  of  diazepam  on  sarin- 
induced  alterations  in  brat  i  choline  levels  were  measured,  a  similar  prophylactic  effect  was  noted 
(Table  7).  In  addition  to  attenuating  or  preventing  the  increases  of  choline,  diazepam  pretreatment 
also  reduced  the  severity  of  the  sarin-  and  soman-induced  tremors.  Measurements  of  AChE 
activity  indicated  that  this  dose  of  diazepam  did  not  affect  enzyme  activity  by  itself  nor  did  it  protect 
AChE  from  inhibition  by  toman  or  sarin  (Table  8).  Hence,  these  results  suggested  that  the  choline 
increase  may  be  related  to  the  convulsive  properties  of  sarin  and  soman. 

Cohsistent  with  previous  studies  showing  that  increased  levels  of  free  fatty  acids  in  brain 
accompany  convulsions  (60,61),  soman  also  caused  increased  free  fatty  acid  levels  (Table  9). 
There  were  marked  increases  in  all  molecular  species  measured,  similar  to  the  profile  seen  with 
other  models  of  seizures  (60.69,70),  whh  the  largest  increase  in  the  levels  of  oleic  (18:1)  and 
stearic  (18:0)  acids.  The  average  increase  for  all  fatty  acids  measured  was  420%  of  control.  Since 
diazepam  prevented  the  soman-  and  sarin-induced  increases  in  choline  levels,  suggesting  that 
convulsions  mediated  this  effect,  it  was  useful  to  determine  whether  the  free  fatty  acid  increase  was 
likewise  suppressible  with  this  agent.  Therefore,  the  effects  of  diazepam  pretreaurient  on  soman- 
induced  increases  in  free  fatty  acids  were  determined.  When  diazepam  (4  mg/kg,  ip)  was 
administered  thirty  minutes  prior  to  the  administration  of  soman,  the  soman-induced  increase  of  all 
species  of  free  fatty  acids  was  nearly  totally  prevented  (Table  10). 

Discussion 

These  studies  suggest  that  the  increases  of  free  choline  in  brain  by  soman  and  sarin  stem  from 
their  convulsant  properties,  and  they  further  demonstrate  that  increased  choline  levels  may  occur 
after  convulsions  due  to  other  agents.  These  data  also  establish  that  soman  and  sarin  increase 
levels  of  free  fatty  acids  in  brain,  an  effect  which  has  been  observed  using  several  models  of 
seizures.  The  accumulation  of  free  fatty  acids  is  on  the  same  order  of  magnitude  as  the 
accumulation  of  free  choline.  Therefore,  it  is  possible  that  seizures  result  in  the  catabolism  of 
phosphatidylcholine.  Although  the  accumulation  of  free  fatty  acids  and  choline  represents  a 
relative  minor  loss  of  phosphatidylcholine  in  terms  of  the  total  pool,  it  may  be  functionally 
significant  if  it  occurs  in  specific  membranes,  e.g.,  the  synaptic  plasma  membrane. 
Phosphatidylcholine  is  a  major  phospholipid  of  cell  membranes.  It  represents  about  35-40%  of  the 
total  lipid,  as  measured  by  phosphorus  estimation,  and  is  by  far  the  largest  source  of  choline  in  the 
brain.  The  fatty  acid  composition  (expressed  as  percent  of  total  fatty  acids)  of  phosphatidylcholine 
is  51-57%  16:0;  12%  18:0;  22-29%  18:1;  4%  20:4;  and  minor  amounts  of  other  fatty  acids 
(71,72).  The  results  of  the  present  studies  indicate  that  there  is  significant  accumulation  of  these 
fatty  acids  after  soman  poisoning.  Excessive  loss  of  these  components  from  the  cell  membrane 
could  result  in  increased  cell  permeability,  functional  impairment,  and  in  later  stages,  degeneration 
of  cell  suucture. 

In  addition,  further  cell  damage  may  occur  because  free  fatty  acids  and  associated  phospholipid 
catabolites,  the  lysophospholipids,  have  potent  detergent  effects  on  cell  membranes  (63,73-75). 
Lysophcspholipids  are  rapidly  degraded  to  glycerolphosphate  and  free  fatty  acid  by  the  action  of 
lysophospholipase.  Polyunsaturated  fatty  acids  are  the  primary  target  for  lipid  peroxidation  (76) 
induced  by  free  radicals  generated  from  incomplete  electron  transport  in  mitochondria  (73).  Once 
lipid  peroxidation  has  begun,  it  is  chain  propagating,  thus  exacerbating  membrane  damage  and 
damage  to  other  oxidizable  components  of  cells,  e.g.,  proteins  and  catecholamines  (77). 
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Tabic  5 


Effects  of  Bicuculline  on  the  Concentrations  of  ACh  and  Choline  in  the  Striatum  and  Hippocampus 


Treatment 

ACh  (nmol/g) 

Choline  (nmol/g) 

Control 

Bicuculline 

96.8  ±  3.65 

64.3  ±  5.06* 

Striatum 

36.6  ±  1.44 

66.7  ±  5.98* 

Control 

Bicuculline 

30.1  ±  1.89 

29/1  ±  2.33 

Hippocampus 

21.0  ±1.19 

38.2  ±2.28* 

Rats  received  injections  (ip)  of  bicuculline  (6  mg/kg)  or  saline  and  were  killed  four  minutes  after 
the  injection  by  head-focused  microwave  irradiation.  ACh  and  choline  levels  were  determined  by 
pyrolysis  gas  chromatography  (18,19).  Each  value  is  the  mean  ±  S.E.M.  of  determinations  from 
six  to  nine  animals  per  group. 

♦Significandy  different  from  control  values,  p  <  0.05. 
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Table  6 


Effects  of  Diazepam  on  the  Soman-induced  Increase  in  Levels  of  Choline 
in  the  Striatum  and  Hippocampus 


Treatment 

Choline  (nmol/g) 

Striatum 

Hippocampus 

Control 

31.6  ±  1.84 

17.0  ±  1.40 

(8) 

(8) 

Diazepam 

32.1  ±3.36 

18.8  ±  1.02 

(7) 

(7): 

Soman 

54.2  ±  7.07* 

68.2  ±  15.1* 

(7) 

(6) 

Diazepam  +  Soman 

33.0  ±  2.69t 

30.2  ±  5.39t 

(7) 

(6) 

Rats  rea  ived  injections  (ip)  of  control  vehicle  or  diazepam  (4  mg/kg)  thirty  minutes  prior  to  the 
injection  (sc)  of  saline  or  sotnan  (70  pg/kg).  Animals  were  killed  two  hours  after  the  second 
injection  by  head-focused  microwave  irradiation.  Levels  of  choline  were  determined  by  pyrolysis 
gas  chromatography  (18,19).  Each  value  is  the  mean  ±  S.E.M.  The  number  of  rats  per  group  is  in 
parentheses. 

♦Significantly  different  from  corresponding  control  (saline  or  diazepam)  values,  p  <  0.05. 
tSignificantly  different  from  soman-injected  group  values,  p  <  0.05. 
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Table  7 


i 


Effects  of  Diazepam  on  the  Sarin-induced  Increase  in  Levels  of  Choline 
in  the  Striatum  and  Hippocampus 


Treatment 

Choline  (nmol/g) 

Striatum 

Hippocampus 

Control 

36.3  ±  1.57 

21.1  ±0.95 

(14) 

(13) 

Diazepam 

35.0  ±1.33 

22.0  ±  1.38 

(11) 

(10) 

Sarin 

50.9  ±  2.77* 

63.2  ±  5.70* 

(13) 

(15) 

Diazepam  4- Sarin 

43.2  ±  1.85*t 

40.1  ±  2.94*  t 

(11) 

(ID 

Rats  received  injections  (ip)  of  control  vehicle  or  diazepam  (4  mg/kg)  thirty  minutes  prior  to  the 
injection  (sc)  of  saline  or  sarin  (100  pg/kg).  Animals  were  killed  two  hours  after  the  second 
injection  by  head-focused  microwave  irradiation.  Levels  of  choline  were  determined  by  pyrolysis 
gas  chromatography  (18,19).  Each  value  is  the  mean  ±  S.E.M.  The  number  of  rats  per  group  is  in 
parentheses. 

•Significantly  different  from  corresponding  control  (saline  or  diazepam)  values,  p  <  0.05. 
tSignificantly  different  from  sarin-injected  group  values,  p  <  0.05. 
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Table  8 


Effects  of  Diazepam  on  the  Inhibition  of  ChE  Activity  by  Soman  and  Sarin 


Treatment 


ChE  Activity  (nmol/min/mg  tissue) 


Striatum  Hippocampus 


Control 

57.2  ±  2.48 
(7) 

8.98  ±  0.22 
(8) 

Diazepam 

53.5  ±  1.54 
(5) 

8.71  ±0.25 
(5) 

Soman 

3.90  ±  1.14* 

(5) 

0.77  ±  0.34* 
(5) 

Diazepam  +  Soman 

5.04  ±  0.62* 

(4) 

0.79  ±  0.15* 
(5) 

Sarin 

1.97  ±0.57* 

(5) 

0.40  ±0.06* 
(5) 

Diazepam  +  Sarin 

2.72  ±  1.23* 

(4) 

0.47  ±  0.04* 
(4) 

Rats  received  injections  (ip)  of  control  vehicle  or  diazepam  (4  mg/kg)  thirty  minutes  prior  to  the 
injection  (sc)  of  saline,  soman  (64-70  4g/kg),  or  sarin  (100-110  pg/kg)-  Animals  were  killed  two 
hours  after  the  second  injection  by  decapitation.  ChE  activity  was  determined 
spectrophotometrically  (14).  Each  value  is  the  mean  ±  S.E.M.  The  number  of  rats  per  group  is  in 
parentheses. 

♦Significantly  different  from  corresponding  control  (saline  or  diazepam)  values,  p  <  0.05. 
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Table  9 

Effects  of  Soman  on  the  Levels  of  Free  Fatty  Acids  in  Rat  Cerebrum 


Saline 

(nmol/g  tissue) 

Soman 

Total  Free  Fatty  Acids 

42.3  ±  4.38 

•  ' 

177  ±11. 9* 

16:0  (Palmitic) 

16.8  ±  3.57 

■ 

47.1  ±  1.62* 

18:0  (Stearic) 

.  8.72  ±  1.73 

54.7  ±  4.24* 

18:1  (Oleic) 

4.91  ±  0.91 

41.4  ±  3.58* 

20:4  (Arachidonic) 

4.45  ±  0.87 

*. 

• 

16.1  ±2.23* 

22:6  (Docosahexaenoic) 

7.53  ±1.23 

■ 

17.3  ±  2.08* 

Rats  received  injections  (sc)  of  saline  or  soman  (70  Hg/kg).  Animals  were  killed  one  hour  after  the 
injection  by  head-focused  microwave  irradiation.  The  levels  of  free  fatty  acids  were  determined  by 
gas  chromatography  (60,61).  Each  value  is  the  mean  ±  S.E.M.  of  determinations  from  four  rats 
per  group. 

♦Significantly  different  from  corresponding  control  values,  p  <  0.05. 
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Table  10 


Effects  of  Diazepam  on  the  Soman-induced  Increases  in  Free  Fatty  Acids  in  Rat  Cerebrum 


Diazepam 

Diazepam  Soman  + 

Soman 


(%  Control) 

Total  Free  Fatty  Acid 

93.3  ±  11.0 

248  ±  26.6* 

123  ±  14.7t 

16:0  (Palmitic) 

87.3  ±  22.2 

175  ±  13.9* 

120  ±  10.4t 

18:0  (Stearic) 

103  ±  14.5 

354  ±  53.5* 

146  ±33.5t 

18:1  (Oleic) 

91.2  ±8.91 

198  ±15.1* 

97.2  ±  7.83t 

20:4  (Arachidonic) 

87.8  ±  6.26 

561  ±  87.3* 

143  ±  66.lt 

22:6  (Docosahexaenoic) 

46.2  ±  5.49 

299  ±  46.6* 

87.3  ±  23.lt 

Rats  received  injections  (ip)  of  control  vehicle  or  diazepam  (4  mg/kg)  thirty  minutes  prior  to  the 
injection  (sc)  of  saline  or  soman  (65-70  pg/kg).  Animals  were  killed  one  hour  after  the  second 
injection  by  head-focused  microwave  irradiation.  Levels  of  free  fatty  acids  were  determined  by  gas 
chromatography  (60,61).  Control  values  (±  S.E.M.)  for  the  free  fatty  acids  were  (nmol/g):  67.9  ± 
9.90  (total);  27.7  ±  4.70  (16:0);  18.1  ±  3.98  (18:0);  9.79  ±  3.33  (18:1);  4.57  ±  0.52  (20:4);  and 
7.54  ±  0.58  (22:6).  Each  value  is  the  mean  ±  S.E.M  of  determinations  ftom  three  to  eight  rats  per 
group. 

♦Significantly  different  from  corresponding  control  (saline  or  diazepam)  values,  p  <  0.05. 
f  Significantly  different  from  soman  values,  p  <  0.05. 
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Polyunsaturated  fatty  acids  are  also'  substrates  for  a  family  of  monooxygenases  such  as 
prostaglandin  synthase  and  lipoxygenase,  resulting  in  the  production  of  potent  autacoids, 
prostaglandins,  and  leukotrienes  (78).  Collectively,  these  effects  may  result  in  the  focal 
calcifications,  glioses,  and  necroses  associated  with  seizures,  including  those  induced  by  soman 
and  bicuculline  (79-81). 

The  mechanism  by  which  soman  and  sarin  induce  convulsions  is  not  known.  The  possibility 
that  soman  causes  convulsions  by  altering  cerebral  blood  gases,  sodium  and  potassium  levels,  or 
circulating  insulin  levels  has  been  examined  with  negative  results  (82>  However,  the  efficacy  of 
the  benzodiazepines  in  preventing  or  attenuating  accumulations  of  free  fatty  acids  in  brain,  as  well 
as  several  other  correlates  of  soman  poisoning,  including  electroencephalogram  (EEG)  changes, 
convulsions,  and  increases  in  cGMP  (83-85),  points  to  a  role  for  gamma-aminobutyric  acid 
(GABA)-mediated  neurotransmission.  The  GABA  receptor  antagonist  properties  of  bicyclic 
organophosphates,  which  do  not  inhibit  ChE,  but  are  potent  convulsants  (86-88),  suggest  that 
soman  and  sarin  may  also  act  at  the  GABA  receptor  (82)  in  a  manner  similar  to  that  of  bicuculline 
(89).  However,  direct  investigation  of  this  has  not  been  made. 

Studies  have  shown  that  the  levels  of  GABA  in  rat  brain  are  unaffected  by  soman  (90,91)  and 
that  soman  and  sarin  increase  glutamic  acid  decarboxylase  activity  only  at  lethal  doses  (92).  GABA 
transaminase  activity  appears  to  be  unaffected  by  soman  (91,92).  In  contrast,  DFP,  which  is  not 
convulsant,  does  increase  levels  of  GABA  and  glutamic  acid  and  the  activity  of  GABA 
transaminase  in  striatum  (92).  These  differential  effects  suggest  that  there  may  be  a  mechanism 
unique  among  organophosphates  by  which  somah  and  sarin  generate  seizures.  Aminooxyacetic 
acid,  which  inhibits  GABA  transaminase  and  increases  GABA  levels,  is  effective  against  soman- 
induced  seizures  (91).  This  suggests  that  although  soman  and  sarin  may  not  directly  alter  levels  of 
GABA  and  its  metabolites,  the  actions  of  these  organophosphates  are  attenuated  by 
pharmacological  enhancement  of  GABAergic  function. 

Increased  cGMP  may  be  a  proximal  factor  in  mediating  the  excitotoxic  effects  of  soman  and 
sarin.  Soman  elevates  brain  levels  of  cGMP  (85)  which  has  excitatory  effects  (87)  and  inhibits 
oxygen  consumption  in  cortical  brain  slices,  similar  to  soman  (83,93).  Diazepam  not  only 
prevents  soman-induced  increases  in  cGMP  (85,87),  but  antagonizes  the  inhibition  of  oxygen 
consumption  as  well  (83). 

If  soman-induced  convulsions  were  due  to  increased  levels  of  ACh,  then  atropine,  a  muscannic 
antagonist  that  also  blocks  the  increase  of  ACh  induced  by  organophosphates  (94),  would  be 
expected  to  be  an  effective  antagonist.  However,  this  has  not  proved  to  be  the  case  (33,91). 
Atropine  has  little  effect  on  soman-induced  convulsions  and  does  not  block  the  in  vivo  elevation  of 
cGMP  levels  induced  by  soman  (85).  Thus,  evidence  supports  a  role  for  GABA-related 
mechanisms  rather  than  for  ACh  in  mediating  the  convulsant  effect  of  soman. 

In  conclusion,  results  from  these  experiments  demonstrate  that  the  accumulation  of  free  fatty 
acids  and  choline  in  brain  is  a  consequence  of  soman-  and  sarin-induced  seizures.  These  effects  of 
soman  and  sarin  are  antagonized  by  diazepam,  a  known  anticonvulsant,  supporting  the  hypothesis 
that  soman  and  sarin  caused  a  degradation  of  phosphatidylcholine,  which  may  be  a  factor  in  the 
extensive  neuropathology  induced  by  these  compounds. 


C.  THE  EFFECTS  OF  THE  ORGANOPHOSPHATES  ON  PHOSPHOLIPID 
METABOLISM 

Objectives: 

a)  to  determine  whether  the  organophosphates  alter  the  steady-state  levels  of  phospholipids; 

b)  to  determine  whether  the  organophosphates  alter  the  incorporation  of  choline  into 
phospholipids; 

c)  to  determine  the  direct  (in  vitro)  effects  of  the  organophosphates  on  phospholipase  A2 
activity  in  rat  striatum; 

d)  to  determine  the  effects  of  the  organophosphates  on  phospholipase  A2  activity  after  in  vivo 
administration;  and 


e)  to  determine  die  effects  of  the  organophosph&tes  on  the  postmortem  accumulation  of  free 
choJine 

Background 

The  data  presented  in  the  previous  sections  suggest  that  organophosphate-induced  alterations  in 
brain  choline  levels  may  be  mediated  by  alterations  in  the  metabolism  of  choline-containing 
phospholipids.  Early  studies  investigating  the  delayed  neurotoxicity  induced  by  the  demyelinating; 
organophosphate  compounds  suggested  a  possible  effect  on  phospholipid* metabolism  (95,96).  In; 
sciatic  nerves  from  fowl  poisoned  with  these  agents,  there  was  a  decreased  synthesis  of 
phosphatidylcholine,  phospnatidylethanolamine.  and  monophosphoinositide  (95,96).  Therefore, 
the  first  series  of  experiments  involved  determining  whether  the  organophosphates  altered  the 
steady-state  levels  of  phospholipids  in  brain. 

In  addition  to  determining  steady-state  concentrations,  to  fully  assess  the  effects  of  the 
organophosphates  on  phosphatidylcholine  metabolism,  it  is  imperative  to  investigate  dynamic 
processes,  i.e.,  synthetic  and  degradative  mechanisms.  The  enzytne  choline  kinase,  which 
catalyzes  the  phosphorylation  of  choline  to  form  phosphorylcholine,  is  the  first  step  in  the  cytidine 
pathway  originally  described  by  Kennedy  and  Weiss  (41)  in  which  choline  is  incorporated  into 
phosphatidylcholine.  Although  choline  kinase  activity  in  nerve  terminals  has  been  assumed  to  be 
localized  exclusively  to  the  cytosol  (97,98),  we  have  recently  demonstrated  significant  enzyme 
activity  in  the  membrane  fraction  of  synaptosomes  isolated  from  rat  striata  (99).  To  determine  the 
relationship  between  membrane-associated  and  cytosolic  enzyme  activity  and  to  provide  insight  as 
to  a  possible  functional  role  of  the  membrane-associated  enzyme,  we  investigated  the  kinetic 
mechanism  of  choline  kinase  located  in  both  the  cytosolic  and  membrane  fractions  of  rat  Striatal 
synaptosomes  and  the  effects  of  the  organophosphates  on  enzyme  activity. 

In  addition  to  synthetic  processes,  it  is  also  poss;ble  that  the  organophosphates  alter 
phospholipid  hydrolysis  which  is  mediated  by  the  action  of  lipases.  It  is  possible  that  inhibition  of 
phospholipase  A2  could  account  for  the  reduction  in  brain  choline  levels  observed  after  DFP  and 
paradxon  administration,  while  activation  could  account  for  increased  levels  of  free  fatty  acids  and 
choline  following  soman  and  sarin  poisoning.  Although  studies  indicate  that  organophosphates 
inhibit  some  types  of  lipases,  no  systematic  pharmacological  investigations  of  these  agents  on  brain 
enzymes  have  been  reported.  Therefore,  the  effects  of  DFP,  paraoxon,  soman,  and  sarin  on 
phospholipase  A2  activity  were  determined. 

list,  the  effects  of  the  agents  on  the  postmortem  accumulation  of  free  choline  were  investigated. 
The  source  of  the  postmortem  accumulation  of  choline  is  thought  to  be  phosphatidylcholine  (42) 
that  is  hydrolyzed  by  lipases  activated  by  ischemia  (60).  Although  the  exact  enzymes  involved 
have  not  been  identified,  phospholipase  A2  is  thought  to  be  the  main  enzyme  mediating  this  effect. 
Thus,  organophosphate-induced  alterations  in  the  postmortem  accumulation  of  choline  may  serve 
as  an  index  of  the  functional  consequences  of  altered  lipolytic  activity. 

Methods 

Male  Sprague-Dawley  rats  (225-300  g)  were  group-housed,  kept  on  a  twelve  hour  light/dark 
cycle,  and  had  access  to  food  and  water  ad  libitum.  To  determine  whether  the  organophosphates 
altered  the  steady-state  levels  of  phospholipids,  DFP  (1.8  mg/kg)  or  peanut  oil  (control)  was 
administered  to  rats,  and  the  animals  were  killed  two  hours  after  the  injection  by  decapitation.  The 
striata  and  hippocampi  were  isolated,  the  microsomal  fraction  was  prepared  (20),  and 
phospholipids  were  analyzed  using  thin  layer  chromatographic  and  s pec trophotome trie  techniques 
(21.22).  . 

To  determine  whether  the  organophosphates  altered  the  incorporation  of  choline  into 
phospholipids,  choline  kinase  activity  was  assessed  in  striata  from  rats  injected  with  sarin  or 
soman.  Animals  received  injections(sc)  of  saline,  70  jig/kg  soman,  or  100  ng/kg  sarin  and  were 
killed  by  decapitation  two  hours  later.  The  striata  were  dissected,  and  the  synaptosomal  fraction 
was  isolated  (20).  The  preparation  was  hypo-osmotically  ruptured  and  soluble  and  particulate 
fractions  were  obtained.  Choline  kinase  activity  was  determined  radioisotopically  (99). 

The  effects  of  the  organophosphates  on  phospholipase  A2  activity  were  determined  both  in  vivo 
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and  in  vitro.  For  in  vivo  studies,  rats  received  injections  (sc)  of  saline,  soman, (65  pg/kg),  sarin 
(100  Hg/kg),  paraoxon  (0.23  mg/kg),  oil,  orlDFP  (1.6  mg/kg)  and  were  killed  at  various  times 
after  injection  by  decapitation.  For  in  vitro  studies,  rats  were  killed  by  decapitation  and  a  crude 
mitochondrial  fraction  from  striatum  was  prepared  (20).  Phospholipase  A2  activity  was  measured 
using  a  radioisotopic  procedure  (100).  The  specific  methodology  used  for  this  assay  is  presented 
on  pages  15  Mid  16  of  the  1984-85  Annual  Report  for  this  project. 

For  determination  of  the  effects  of  the  organophosphates  on  the  postmortem  release  of  choline, 
rats  received  injections  of  the  organophosphates  at  doses  sufficient  to  cause  90-100%  inhibition  of 
AChE  in  brain.  Animals  were  killed  by  either  decapitation  or  head-focused  microwave  irratiisr.w 
one  to  two  hours  after  injection.  The  brains  were  removed  and  either  processed  immediately  (for 
microwaved  and  decapitated  zero  times),  or  incubated  for  up  to  fifteen  minutes  in  a  moist  chamber 
at  37°C  The  levels  of  choline  were  quantitated  by  pyrolysis  gas  chromatography  (18,19). 

Results 

The  effects  of  DFP  on  microsomal  phospholipids  from  rat  striatum  are  shown  in  Table  1 1 .  At 
two  hours  following  the  administration  of  DFP,  no  changes  were  apparent  in  the  steady-state 
concentrations  of  phospholipids  in  micro somes  from  striatum.  A  similar  lack  of  effect,  with  the 
exception  of  an  increase  in  phosphatidylethanolamine,  was  apparent  in  the  hippocampus  (Table 
12).  Similar  results  were  obtained  following  the  administration  of  paraoxon.  Hence,  results 
suggested  that  the  organophosphates  did  not  alter  the  steady-state  concentrations  of  phospholipids. 

To;  study  the  synthesis  of  phosphatidylcholine,  it  was  first  necessary  to  establish  optimal 
conditions  for  measuring  choline  kinase  activity.  Since  we  had  previously  established  that  enzyme 
activity  is  associated  with  both  the  soluble  arid  membrane  fractions  from  rat  brain  (99),  and  that 


these  fractions  are  indistinguish  tble  on  a  bic 
functional  differences,  studies  were  initiated  tc 
forms  on  a  kinetic  basis  (101).  Therefore, 
various  concentrations  of  MgATP  at  several  j 
concentration  of  choline.  The  experiment  wi 
(Since  the  experimental  procedures  and  mathe 
le;  gthy,  the  reader  is  referred  to  reference  nut* 
indicated  that  MgATP  binds  in  rapid  equilib 
choline  is  random.  Product  inhibition  by  pr 


rhemical  basis.  to  provide  insight  as  to  possible 
>  determine  whether  we  could  differentiate  these  two 
velocity  of  choline  kinase  was  measured  using 
:oncentrations  of  uncomplexed  Mg2+  arid  a  single 
i  repeated  using  different  concentrations  of  choline, 
natical  analyses  used  for  these  experiments  are  rather 
nber  101  for  further  details.)  Analysis  of  these  data 
ium  prior  to  Mg2+,  but  the  binding  of  MgATP  end 
jsphorylcholine  was  noncompetitive  versus  both 
choline  and  MgATP.  Hemicholinium-3,  an  janalog  of  choline  and  competitive  inhibitor  of  the 
sodium-dependent  high  affinity  choline  transport  system,  was  noncompetitive  versus  choline  and 
uncompetitive  versus  MgATP  at  high  levels  of  Mg2+.  However,  when  the  concentration  of  Mg2+ 
was  decreased  below  the  equilibrium  constant  for  Mg2+,  hemicholinium-3  was  noncompetitive 
versus  MgATP.  Thiocholine,  another  analoC  of  choline,  gave  slope-linear  intercept  hyperbolic 
inhibition  versus  choline.  Mg-5’-adenyly|  imidodiphosphate,  an  analog  of  MgATP,  was 
competitive  versus  MgATP  and  noncompetitive  versus  choline.  Virtually  identical  results  were 
obtained  using  either  soluble  or  particulate  forms  of  choline  kinase  from  rat  striata.  Thus,  the 
enzymes  were  kinetically  indistinguishable!  and,  therefore,  the  soluble  enzyme  was  used  for 
studies  investigating  possible  inhibition  bv  the  organophosphates. 

When  animals  received  injections  of  soman,  sarin,  DFP,  or  paraoxon  that  inhibited  AChE 
activity  by  90-100%,  and  choline  kinase  activity  determined  at  various  times  after  injections,  no 
effects  were  noted  by  any  of  the  compounds  tested.  Enzyme  activity  in  the  soluble  fraction  from  a 
crude  mitochondrial  preparation  from  rat  striatum  was  4.63  ±  0.52  and  was  unaltered  by  soman, 
sarin,  paraoxon,  or  DFP.  It  was  thus  concluded  that  the  organophosphates  did  not  alter  the  first 
step  in  the  synthesis  of  phosphatidylcholine. 

The  dose-response  curves  for  inhibition  of  phospholipase  A2  activity  by  the  organophosphates 
after  preincubation  in  vitro  are  shown  in;  Figure  6.  Soman,  sarin,  and  DFP  all  inhibited 
phospholipase  activity  with  similar  potency,  with  IC50  values  of  about  10  pM.  Paraoxon  was 
much  less  potent,  causing  only  50%  inhibition  at  1  mM.  Since  these  assays  were  run  at  pH  8,  the 
highly  variable  results  obtained  with  paraoxon  may  hive  been  due  to  base  hydrolysis  of  this 
compound.  Thus,  the  assays  following  preihcubation  with  paraoxon  were  repeated  at  pH  7  to 
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Table  !1 


Effects  of  DFP  on  Microsomal  Phospholipids  in  Striatum 


Lipid 

Control  (Oil) 

DFP 

Total  Lipid  Phosphorus 

40.2  ±  3.90 

37.2  ±  1.99 

Phosphatidylcholine 

17.6  ±  1.53 

16.8  ±  0.89 

Phosphatidylethanolamine 

13.9  ±1.13 

13.1  ±0.61 

Phosphatidylserine 

5.83  ±  0.47 

5.54  ±  0.23 

Phosphaddylinositol 

1.24  ±0.16 

1.01  ±0.10 

Phosphatidic  Acid 

0.24  ±  0.08 

0.31  ±0.07 

Sphingomyelin 

2.78  ±  0.25 

2.34  ±0.10 

Lysophosphatidylcholine 

0.52  ±0.11 

0.57  ±0.12 

Rats  received  injections  (sc)  of  control  vehicle  (peanut  oil)  or  DFP  (1.8  mg/kg)  and  were  killed  two 
hours  after  the  injection  by  decapitation.  Each  value  is  the  mean  ±  S.E.M.  of  determinations  from 
six  rats  per  group.  Phospholipids  were  isolated,  separated  by  two  dimensional  thin  layer 
chromatography,  and  analyzed  for  phosphorus  by  spectrophotometry  (21,22).  Values  are 
expressed  a*  micrograms  of  phosphorus  per  milligram  of  protein. 


Table  12 


Effects  of  DFP  on  Microsomal  Phospholipids  in  Hippocampus 


Lipid 

Control  (Oil) 

DFP 

Total  Lipid  Phosphorus 

38.0  ±  1.29 

41.4  ±3.15 

Phosphatidylcholine 

16.3  ±  0.81 

18.2  ±  1.10 

Phosphatidylethanolamine 

12.0  ±  0.43 

14.1  ±  0.85* 

Phosphatidylserine 

4.87  ±  0.29 

5.55  ±  0.32 

Phosphaudylinositol 

1.44  ±  0.06 

1.38  ±0.16 

Phosphatidic  Acid 

0.29  ±  0.05 

0.30  ±  0.09 

Sphingomyelin 

2.30  ±0.09 

2.45  ±0.22 

Lysophosphatidylcholine 

0.51  ±  0.09 

0.49  ±0.16 

Rats  received  injections  (sc)  of  control  vehicle  (peanut  oil)  or  DFP  (1.8  mg/kg)  and  were  killed  two 
hours  after  the  injection  by  decapitation.  Each  value  is  the  mean  ±  S.E.M.  of  determinations  from 
six  rats  per  group.  Phospholipids  were  isolated,  separated  by  two  dimensional  thin  layer 
chromatography,  and  analyzed  for  phosphorus  by  spectrophotometry  (21,22).  Values  are 
expressed  as  micrograms  of  phosphorus  oer  milligram  of  protein. 

‘Significantly  different  from  control  values,  p  <  0.05. 
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Figure  6 

In  Vitrd  Effects  of  the  Organophosphates  on  the  Activity  of  Phospholipase  A2  in 
a  Crude  Mitochondrial  Fracdon  from  Rat  Striatum 


Naive  rats  were  killed  by  decapitation  and  a  crude  mitochondrial  fraction  was  prepared  (20).  The 
tissue  preparations  were  incubated  with  the  indicated  concentrations  of  the  organophosphates. 
Enzyme  activity  was  determined  radioisotopically  (100).  Each  point  is  the  mean  ±  S.E.M.  of  two 
to  seven  separate  determinations  run  on  different  days.  Phospholipase  activity  was  calculated  as 
picomoles  of  fatty  acid  released  per  hour  per  milligram  of  protein. 
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protect  this  agent  from  base  hydrolysis.  Control  assays  run  at  various  pH  values  indicated  that  pH 
7  resulted  in  only  slightly  lower  control  activity  than  those  run  at  pH  8.  Assays  with  paraoxon 
gave  consistent  results  when  run  at  a  lower  pH,  suggesting  that  the  agent  was  more  stable  under 
less  alkaline  conditions.  Results  from  these  assays  did  not  differ  significantly  from  those  run  at 
pH  8.  However,  all  subsequent  assays  utilizing  paraoxon  were  run  at  pH  7. 

When  phospholipase  A2  activity  was  measured  in  crude  mitochondrial  fractions  one  hour  after 
administration  of  soman  and  paraoxon,  enzyme  activity  was  not  different  from  control  (Table  13). 
Sarin  caused  a  10%  inhibition  at  this  time,  while  DFP  inhibited  activity  by  nearly  30%,  as 
compared  to  its  own  controls  (oil-injected),  which  were  slightly  higher  than  those  obtained  in 
saline-injected  animals.  (The  difference  in  means  between  these  control  groups  is  probably  due  to 
the  unequal  sample  size  obtained  by  pooling  values  obtained  from  the  saline-injected  controls  of 
experiments  done  on  several  different  days.)  To  evaluate  whether  these  results  represented  the 
maximal  inhibition  possible,  enzyme  activity  was  measured  four  and  tweniy-four  hours  after 
injection.  At  four  hours  both  soman  and  sarin  caused  a  10%  inhibition  of  phospholipase  activity, 
while  paraoxon  still  had  no  effect  on  enzyme  activity  four  hours  after  administration.  Twenty-four 
hours  after  a  single  injection  of  DFP,  phospholipase  activity  was  slightly  recovered. 

The  last  experiments  in  this  series  determined  the  effects  of  the  organophosphates  on  the 
postmortem  release  of  choline.  The  levels  of  free  choline  in  both  striatum  and  hippocampus 
increased  with  time  postmortem  from  both  control  and  DFP-poisoned  animals,  but  at  a  much  lower 
rate  in  the  latter  (Figure  7).  The  effect  persisted  for  fifteen  minutes  after  decapitation  and  the  rate  of 
choline  accumulation  in  striata  decreased  to  68-76%  of  control  and  in  hippocampus,  from  70-66% 
of  control.  Paraoxon,  which  was  relatively  inactive  against  phospholipase  activity  in  vitro,  also 
depressed  the  choline  accumulation  in  striaitum  and  hippocampus  over  the  fifteen-minute  interval  to 
78-74%  and  83-80%  of  control,  respectively  (Figure  8).  In  contrast,  the  postmortem  accumulation 
of  choline  in  striata  from  rats  injected  with  soman  and  sarin  (Figures  9  and  10)  was  the  same  as 
those  from  controls.  These  data  indicated  that  although  soman  and  sarin  were  as  potent  as  DFP  as 
phospholipase  A2  inhibitors  in  vitro,  they  do  not  depress  the  postmortem  release  of  choline  in  vivo 
in  a  manner  similar  to  that  of  DFP.  Furthermore,  although  soman-  and  sarin-induced  convulsions 
may  activate  lipolysis,  leading  to  increased  choline  levels  in  microwave-fixated  brain,  the  activation 
is  not  evident  postmortem. 

Discussion 

Results  from  these  studies  indicate  that  while  the  organophosphates  do  not  appear  to  alter  either 
the  synthesis  or  steady-state  concentrations  of  phospholipids,  they  do  inhibit  the  degradation  of 
phosphatidylcholine.  DFP,  soman,  and  sarin  are  equally  potent  inhibitors  of  phospholipase  A2  in 
vitro.  Since  soman  and  sarin  are  more  potent  inhibitors  of  ChE  activity  than  DFP,  the  data  indicate 
that  the  potencies  of  organophosphates  toward  ChEs  are  no:  indices  of  relative  potencies  toward 
phospholipase  A2.  That  DFP,  soman,  and  sarin  are  structurally  similar  phosphorofluoridates  may 
account  for  their  similar  inhibitory  potency  toward  phospholipase  A2  activity  in  vitro,  although  in 
general,  structural  similarity  or  lack  of  it  cannot  account  for  widely  different  potencies  toward 
ChEs  observed  among  organophosphorus  agents  (102,103).  Comparative  studies  have 
demonstrated  that  stoichiometric  anomalies  may  account  for  this.  Ellin  (103)  showed  that  S-(2- 
diisopropylaminoethyl)ethylmeth)i  phosphonothioate  (VX)  titrates  in  a  linear  relationship  with  red 
cell  ChE,  while  sarin  demonstrates  a  linear  logarithmic  relationship  and  soman  reacts  with  a  mixed 
relationship.  These  data  suggest  that  there  are  some  differences  in  the  molecular  mechanisms 
governing  ChE  inhibition,  even  by  agents  that  appear  closely  related  structurally.  The  present 
results  suggest  that  similar  differences  may  not  pertain  in  reactions  of  organophosphates  with  other 
enzymes. 

Although  brain  tissue  from  rats  poisoned  with  soman  and  sarin  is  rapidly  hydrolyzing 
phospholipids  (see  previous  sections),  phospholipase  A2  activity  measured  in  crude  mitochondrial 
fractions  after  administration  of  these  agents  was  either  unaffected  or  only  slightly  depressed. 
While  it  might  be  expected  that  phospholipase  A2  activation  is  occurring  during  soman  and  sarin 
intoxication,  the  effect  was  not  evident  when  measured  in  vitro  following  in  vivo  administration, 
possibly  because  the  conditions  under  which  phospholipases  are  activated  in  vivo  are  not  preserved 
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Table  13 


In  Vivo  Effects  of  the  Organophosphates  on  the  Activity  of  Phospholipase  A2  in 
a  Crude  Mitochondrial  Fraction  from  Striatum 


Treatment 

Time 

(hrs) 

Phospholipase  Activity 
(pcno  1/hr/mg  protein) 

%  Inhibition 

Saline 

7.4910.11 

(20) 

_ 

Soman 

1 

7.44  1 0.30 
(7) 

0 

4 

6.651  0.3  l*t 
(10) 

11 

Sarin 

1 

6.72  1 0.26* 

(6) 

10 

4 

6.7810.29* 

(7) 

9.5 

Paraoxon 

1 

7.72  1  0.24 

(7) 

0 

4 

7.7910.40 

(8) 

0 

Oil 

8.27  10.14 

(6) 

DFP 

1 

5.94  1  0.42* 

(6) 

28 

4 

5.93  1  0.20* 

(5) 

28 

24 

6.87  1  0.46* 

(4) 

17 

Rats  received  injections  (sc)  of  control  vehicle  (saline  or  peanut  oil),  65  pg/kg  soman,  100  pg/kg 
sarin,  0.23  mg/kg  paraoxon,  or  1.6  mg/kg  DFP.  Animals  were  killed  at  the  times  indicated  by 
decapitation.  Striata  were  isolated,  crude  mitochondrial  fractions  were  prepared  (20),  and 
phospholipase  activity  was  determined  radioisotopically  (100).  Each  value  is  the  mean  1  S.E.M. 
The  number  of  animals  per  group  is  in  parentheses. 

‘Significantly  different  from  corresponding  control  values,  p  <  0.05. 

+Signiftcantly  different  from  corresponding  one  hour  values,  p  <  0.05. 
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Figure  7 


Effects  of  DFP  on  the  Postmortem  Accumulation  of  Choline 
in  the  Striatum  and  Hippocampus 

Rats  received  injections  (sc)  of  1.8  mg/kg  DFP  or  peanut  oil  and  were  killed  one  or  two  hours 
after  administration  by  head-focused  microwave  irradiation  or  decapitation.  Values  obtained  at  one 
and  two  hours  did  not  differ  and  were  therefore  pooled.  Following  decapitation,  brains  were 
removed  and  either  chilled  immediately  (0  dme)  or  incubated  for  five  minute  intervals  for  up  to 
fifteen  minutes  at  37°C  in  a  moist  chamber.  Solid  line  represents  control  values  and  dotted  line 
represents  those  from  DFP-injected  animals.  Choline  levels  were  determined  by  pyrolysis  gas 
chromatography  (18,19).  Each  point  is  the  mean  of  determinations  from  five  to  seventeen  animals 
±  S.E.M.  All  points  exceot  microwave  (^i)  are  significantly  different  from  control  values,  p  < 
0.05. 
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Figure  8 


effects  of  Paraoxon  on  the  Postmortem  Accumulation  of  Choline 
in  the  Striatum  and  Hippocampus 


Rats  received  in 
after  administrate 
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Figure  9 

Effects  of  Soman  on  the  Postmortem  Accumulation  of  Choline 
in  the  Striatum  and  Hippocampus 

Rats  received  injections  (sc)  of  70-80  |ig/kg  soman  or  saline  and  were  killed  one  or  two  hours  after 
administration  by  head-focused  microwave  irradiation  or  decapitation.  Values  obtained  at  one  and 
two  hours  did  not  differ  and  were  therefore  pooled.  Following  decapitation,  brains  were  removed 
and  either  chilled  immediately  (0  time)  or  incubated  for  five  minute  intervals  for  up  to  fifteen 
minutes  at  37°C  in  a  moist  chamber.  Solid  line  represents  control  values  and  dotted  line  represents 
those  from  soman-injected  animals.  Choline  levels  were  determined  by  pyrolysis  gas 
chromatography  (18,19).  Each  point  is  the  mean  of  determinations  from  six  to  twenty-four 
animals  ±  S.E.M. 

•Significantly  different  from  controls,  p  <  0.05. 
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Figure  10 


Effects  of  Sarin  on  the  Postmortem  Accumulation  of  Choline 
in  the  Striatum  and  Hippocampus 

Rats  received  injections  (sc)  of  80-110  jj-g/kg  sarin  or  saline  and  were  killed  one  or  two  hours  after 
administration  by  head-focused  microwave  irradiation  or  decapitation.  Values  obtained  at  one  and 
two  hours  did  not  differ  and  were  therefore  pooled.  Solid  line  represents  control  values  and  dotted 
line  represents  those  from  soman-injected  animals.  Following  decapitation,  brains  were  removed 
and  either  chilled  immediately  (0  time)  or  incubated  for  Five  minute  intervals  for  up  to  fifteen 
minutes  at  37°C  in  a  moist  chamber.  Choline  levels  were  determined  by  pyrolysis  gas 
chromatography  (18,19).  Each  point  is  the  mean  of  determinations  from  seven  to  twenty-four 
animals  ±  S.E.M. 

♦Significantly  different  from  controls,  p  <  0.05. 


TIME  (MINUTES) 


TIME  (MINuIES) 


during  subcellular  fractionation.  Covalent  modification,  usually  via  enzymatic  phosphorylation, 
has  been  suggested  as  the  mechanism  of  either  activation  or  deactivation  of  many  enzymes  in  vivo, 
but  there  is  no  evidence  that  phospholipase  A2  activity  is  modulated  by  such  a  mechanism  in  vivo 
(104).  Based  on  the  effects  of  direct  addition  of  the  agents  to  crude  mitochondrial  fractions 
observed  here,  it  appears  that  phosphorylation  of  this  enzyme  by  soinan  and  sarin  results  in 
inhibition.  Although  the  assay  used  in  the  present  study  measured  the  activity  of  only  one 
phospholipase  A2  of  the  possibly  several  that  lead  to  the  release  of  choline  in  brain,  it  seems 
unlikely  that  other  phospholipases  A2  would  activate  in  response  to  phosphorylation  by 
organophosphates.  While  organophosphates  do  not  inhibit  all  phospholipases  A2  (105*107),  they 
do  not  appear  to  activate  them. 

That  soman  and  sarin  affect  phospholipase  A2  activity  only  slightly  as  compared  to  DFP  after  in 
vivo  administration  reflects  in  part  the  molar  differences  in  doses.  Although  the  doses  of  DFP, 
soman,  and  sarin  administered  produced  equivalent  ChE  inhibition,  they  corresponded  to  8.7, 
0.38,  and  0.71  micromoles  per  kilogram,  respectively.  Therefore,  at  100%  ChE  inhibition,  the 
molar  dose  of  DFP  was  more  than  10  times  greater  than  the  corresponding  doses  of  soman  and 
sarin.  The  lack  of  response  to  paraoxon  is  understandable  in  view  of  its  weak  potency  in  vitro. 
Since  inhibition  of  phospholipase  A2  by  soman  was  not  evident  until  four  hours  after 
administration,  the  pharmacokinetic  profile  of  phospholipase  inhibition  is  likely  to  be  different 
from  that  of  ChE  inhibition,  which  is  complete  within  one  hour  after  administration  of  all  the 
agents.  Furthermore,  soman  and  sarin  appear  to  be  different  from  each  other  in  this  regard,  since 
inhibition  by  soman  was  not  apparent  until  four  hours  after  administration. 

That  soman  and  sarin  do  not  depress  the  accumulation  of  choline  postmortem  may  also  be  a 
result  of  the  relatively  low  doses  administered.  While  significantly  greater  than  those  of  normal 
animals,  the  choline  levels  evident  in  microwaved  brains  after  soman  and  sarin  poisoning  represent 
only  a  small  fraction  of  the  total  choline  bound  in  phospholipids;  this  relatively  small  increase 
becomes  undetectable  as  large  amounts  of  choline  accumulate  in  the  brain  postmortem.  The  30% 
reduction  in  the  postmortem  accumulation  of  choline  caused  by  DFP  is  in  agreement  with  the  in 
vitro  results,  which  showed  phospholipase  A2  inhibition  of  about  the  same  degree.  The 
postmortem  data  are  also  in  good  agreement  with  the  results  of  Dross  (26),  who  additionally 
showed  that  DFP  induced  biochemical  changes  consistent  with  inhibition  of  phospholipase  A2. 
Therefore,  the  similarity  of  paraoxon’s  effects  on  postmortem  choline  production  to  those  of  DFP 
is  somewhat  surprising,  in  view  of  its  weak  potency  in  vivo.  Perhaps  paraoxon  is  active  against  a 
lipase  involved  in  the  release  of  choline  that  is  not  the  same  as  the  one  measured  in  vivo,  while 
DFP  is  active  against  both.  The  calcium-independent  phospholipase  A2  activity  measured  in  these 
ass iys  is  probably  mitochondrial  (43,108);  it  could  be  a  different  enzyme  from  the  one  mediating 
the  accumulation  of  choline  postmortem  and  may  be  more  sensitive  to  DFP  than  to  paraoxon. 
Furthermore,  the  in  vitro  assay  of  phospholipase  A2  activity  may  have  reversed  paraoxon-induced 
inhibition  by  some  unknown  means^  It  is  also  possible  that  phospholipase  A2  does  not  mediate  the 
postmortem  release  of  choline,  a  possibility  that  merits  further  evaluation  in  view  of  the  central  role 
of  phospholipases  in  current  hypothesis  concerning  ischemic  and  excitotoxic  cell  membrane  injury 
in  the  central  nervous  system  (73). 

In  conclusion,  the  results  of  these  studies  indicate  that  four  organophosphates,  DFP,  soman, 
sarin,  and  paraoxon;  are  direct  inhibitors  of  a  calcium-independent  phospholipase  A2  activity  in 
brain  and  that,  in  vitro,  sarin  and  soman  are  as  potent  as  DFP.  However,  the  data  also  indicate  that 
their  potencies  toward  ChE  are  different  from  their  relative  potencies  toward  phospholipase  A2, 
possibly  limiting  their  effects  on  this  enzyme  in  vivo  at  doses  pharmacologically  relevant  to  ChE 
inhibition.  The  role  of  this  phospholipase  A2  inhibition  in  mediating  reduced  choline  accumulation 
seen  postmortem  is  questionable,  since  paraoxon,  a  weak  phospholipase  inhibitor,  is  nearly  as 
effective  as  DFP  in  producing  this  effect 


III.  INDUCTION  OF  SKELETAL  MUSCLE  NECROSIS  BY  THE  ORGANO¬ 
PHOSPHATES:  AN  EVENT  MEDIATED  BY  CHOLINESTERASE 
INHIBITION 
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Rationale 

Results  from  studies  on  the  actions  of  the  organophosphates  on  the  central  nervous  system  have 
suggested  that  these  compounds,  through  an  action  on  choline/phospholipid  metabolism,  may 
produce  biochemical  changes  that  are  deleterious  to  central  neurons.  As  stated,  phosphatidylcholine 
is  a  major  component  of  cell  membranes  and  perturbations  in  the  metabolism  of  this  phospholipid 
can  lead  to  alterations  in  cell  permeability,  functional  impairment,  and  possible  degeneration  of  cell 
structure.  Since  the  actions  of  the  organophosphates  may  alter  cell  membranes  in  regions  other 
than  the  central  nervous  system,  it  was  of  interest  to  determine  whether  peripheral  tissue  could  also 
be  affected. 

Objectives; 

a)  to  determine  whether  the  chronic  administration  of  low  doses  of  paraoxon  could  alter  the 
integrity  of  skeletal  muscle  fibers;  and 

b)  to  determine  whether  the  effect  of  paraoxon  on  skeletal  muscle  could  be  related  to  inhibition 
of  ChE  activity  in  muscle,  red  blood  cells,  or  plasma 

Background 

It  is  well  documented  that  the  administration  of  many  organophosphate  ChE  inhibitors 
including  paraoxon,  soman,  and  phospholine,  leads  to  necrosis  of  skeletal  muscle  fibers  in  the  rat 
(109-113).  This  effect  has  been  observed  following  the  administration  of  doses  of  these 
compounds  that  cause  excessive  cholinergic  activity,  including  prolonged  muscle  fasciculations, 
and  it  has  been  postulated  that  the  development  of  the  myopathy  depends  on  a  critical  degree  and 
duration  of  AChE  inhibition,  during  which  time  biochemical  and  physiological  alterations  ensue 
(114).  Studies  on  the  effects  of  the  organophosphates  on  the  central  nervous  system  indicated  that 
some  actions  of  these  compounds  may  not  be  attributed  to  AChE  inhibition,  but  rather,  may 
involve  alterations  in  choline/phospholipid  metabolism.  Thus,  studies  were  designed  to  evaluate 
the  hypothesis  concerning  the  role  of  AChE  inhibition  and  the  development  of  a  myopathy. 

Methods 

Male  Sprague-Dawley  rats  (100-125  g)  were  housed  two  per  cage  and  were  maintained  on  a 
twelve  hour  light/dark  cycle  with  food  and  water  available  ad  libitum.  Rats  received  daily 
injections  (sc)  of  paraoxon  (0.05  or  0.10  mg/kg)  for  up  to  sixty  days.  Control  animals  received 
daily  injections  of  saline.  At  fifteen  day  intervals,  animals  were  killed  either  with  ether  (for 
histological  analyses)  or  by  decapitation  (for  enzyme  analyses).  For  histological  analyses,  the  left 
hemidiaphragm  was  removed,  cleaned,  fixed  in  formalin,  mounted,  sectioned  (10  pm),  and  stained 
with  hematoxylin  and  eosin.  Three  sections  from  each  muscle  (100  fibers  per  section)  were 
examined  and  the  number  of  lesions  per  section  was  quantified  (109). 

ChE  and  AChE  activities  were  determined  spectrophotometrically  (14).  For  determinations  of 
enzyme  activity  in  skeletal  muscle,  the  left  hemidiaphragm  was  removed,  and  a  central  strip  (3  x  15 
mm)  containing  nerve  terminal  branches  was  isolated  for  the  endplate  regions  and  two  sections, 
above  and  below  the  junctional  strip,  were  removed  as  representative  of  non-endplate  regions. 
Muscle  was  weighed,  minced  and  homogenized  in  phosphate  buffer.  For  the  isolation  of  plasma 
and  red  blood  cells,  blood  was  collected  into  heparinized  tubes  and  centrifuged  at  1500  x  g  for  15 
minutes  at  4°C. 

RfiSUllS 

Administration  of  0.05  mg/kg  paraoxon  to  rats  did  not  cause  any  symptoms  of  excessive 
cholinergic  activity  during  the  sixty  days  of  injections.  Similarly,  rats  injected  with  0.10  mg/kg 
paraoxon  did  not  exhibit  parasympathomimetic  effects  during  the  first  thirty  days,  but  after  this 
time,  some  rats  exhibited  mild  salivation,  diarrhea,  and  slight  tremor  which  lasted  for 
approximately  one  hour  following  injection.  The  symptoms  exhibited  by  these  rats  were  never  as 
severe  or  as  prolonged  as  those  exhibited  following  a  single  large  dose  (0.23  mg/kg)  of  paraoxon 
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Chronic  low  dose  administration  of  paraoxon  led  to  the  development  of  a  myopathy  in 
diaphragm  that  was  qualitatively  similar  to  that  following  the  administration  of  a  single  high  dose 
of  paraoxon  (0.23  mg/kg).  The  lesion  was  characterized  by  the  presence  of  central  nuclei,  fiber 
splitting,  and  breakdown  of  fiber  architecture  followed  by  phagocytosis  and  necrosis.  The 
myopathy  was  significant  after  30  days  of  injections  of  both  0.05  and  0.10  mg/kg  (Figure  11). 
Although  more  muscle  fibers  were  affected  in  the  group  injected  with  0.10  mg/kg,  as  compared  to 
the  group  injected  with  0.05  mg/kg,  there  were  no  qualitative  differences  in  lesion  characteristics 
between  the  two  groups.  The  severity  of  the  myopathy  observed  at  thirty  days  for  both  groups 
was  not  significantly  enhanced  by  further  injections  of  paraoxon  (for  up  to  sixty  days). 

To  determine  whether  the  development  of  the  myopathy  could  be  correlated  with  ChE  inhibition 
in  skeletal  muscle,  enzyme  activity  was  measured  in  the  endplate  and  non-endplate  regions  of 
diaphragm  muscle  figure  12).  No  significant  enzyme  inhibition  was  noted  in  either  muscle 
section  twenty-four  hours  after  a  single  dose  of  0.05  or  0.10  mg/kg  paraoxon.  With  daily 
injections,  however,  there  was  a  progressive  inhibition  of  enzyme  activity  in  the  endplate  region 
throughout  the  sixty-day  period.  In  die  non-endplate  region,  0.05  mg/kg  did  not  cause  significant 
inhibition  of  enzyme  activity  until  sixty  days  of  injections,  while  with  0.10  mg/kg  paraoxon,  32% 
enzyme  inhibition  was  observed  after  fifteen  days  of  injections  and  this  level  of  inhibition  remained 
constant  throughout  the  remainder  of  the  injection  schedule. 

To  determine  whether  enzyme  activity  in  blood  could  be  correlated  with  the  development  of  the 
myopathy,  the  effects  of  paraoxon  on  plasma  ChE  and  red  blood  cell  AChE  activities  were 
determined  (Figure  13).  Enzyme  activity  in  plasma  and  red  blood  cells  was  not  significantly 
different  from  control  values  when  measured  twenty-four  hours  following  the  administration  of 
either  0.05  or  0.10  mg/kg  paraoxon.  However,  chronic  administration  of  paraoxon  led  to  a 
significant  progressive  inhibition  of  enzyme  activity  during  the  fust  fifteen  days.  Further  injections 
(up  to  sixty  days)  did  not  enhance  enzyme  inhibition,  i.e.,  enzyme  activity  in  both  plasma  and  red 
blood  ceLs  remained  at  a  constant  reduced  level  despite  further  injections  of  paraoxon. 

Discussion 

Apart  from  the  pathological  alterations  at  the  neuromuscular  junction  observed  after  acute  toxic 
exposure  to  organophosphates,  no  consensus  has  been  reached  regarding  the  physiological  and 
biochemical  effects  following  prolonged  exposure  to  sublethal  levels  of  these  compounds.  Results 
from  the  present  study  indicate  that  chronic,  low  dose  exposure  to  the  organophosphate  ChE 
inhibitor  paraoxon  has  deleterious  effects  on  skeletal  muscle  morphology  that  become  apparent 
after  prolonged  (thirty-day)  exposure.  Furthermore,  skeletal  muscle  fiber  necrosis  resulting  from 
the  administration  of  paraoxon  occurs  in  the  absence  of  other  signs  of  organophosphate  toxicity. 

Studies  with  acute  paraoxon  administration  have  indicated  that  the  organophosphate-induced 
myopathy  is  dose-dependent  and  depends  on  both  a  critical  duration  and  degree  of  enzyme 
inhibition  (114).  It  has  been  reported  that  85%  inhibition  of  muscle  ChE  activity  is  necessary  to 
initiate  severe  fiber  necrosis.  The  percentage  of  muscle  fibers  affected  twenty-four  hours 
following  a  single  dose  of  paraoxon  (0.23  mg/kg,  sc)  has  been  reported  to  be  3.2%,  with  a 
maximal  effect  (6.1%  fibers  affected)  seen  twenty-four  hours  after  three  consecutive  days  of 
injection  (109).  During  this  time,  all  animals  exhibited  signs  of  organophosphate  toxicity 
immediately  after  each  injection.  Results  from  the  present  study  indicate  that  with  chronic 
exposure,  although  the  level  of  enzyme  inhibition  in  muscle  never  reaches  the  85%  level,  necrosis 
is  still  manifest.  Furthermore,  the  maximal  number  of  lesions  produced  was  2.0%,  not  unlike  the 
3.2%  observed  following  a  single  toxic  dose.  Hence,  the  duration  of  enzyme  inhibition  may  play  a 
more  significant  role  than  the  actual  degree  of  inhibition  when  one  is  considering  repeated 
exposures.  These  results  confirm  previous  observations,  indicating  a  linear  correlation  between 
the  time  of  enzyme  inhibition  and  the  severity  of  the  myopathy  (1 14).  A  further  similarity  between 
previous  acute  studies  and  the  present  chronic  study  includes  the  finding  that  there  was  no 
significant  enzyme  inhibition  in  the  non-endplate  region  of  diaphragm  muscle  with  the  lower  dose 
of  paraoxon  (0.05  mg/kg),  supporting  the  hypothesis  of  involvement  of  only  the  endplate  enzyme 
(114). 

There  have  been  scattered  case  reports  on  neuromuscular  function  in  agricultural  workers 
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Figure  1 1 


Effects  of  Chronic  Paraoxon  Administration  on  the 
Development  of  a  Myopathy  in  Rat  Diaphragm  Muscle 

Rats  received  injections  (sc)  of  0.05  (<>-—♦)  or  0.10  (o . •)  mg/kg  paraoxon  daily  for  up  to 

sixty  days.  Muscle  was  analyzed  for  lesions  using  a  histochemical  technique  (109).  Each  field 
represents  100  muscle  fibers.  Each  point  is  the  mean  ±  S.E.M.  of  determinations  from  four  to  five 
animals  per  group. 

♦Significantly  different  from  saline-injected  rats,  p  <  0.05. 
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Figure  12 

Effects  of  Chronic  Paraoxon  Administration  on  ChE  Activity  in 
the  (A)  Endplate  and  (B)  Non-endplate  Regions  of 
Rat  Diaphragm  Muscle 

Rats  received  injections  (sc)  of  0.05  (•——•)  or  0.10  (• — •)  mg/kg  paraoxon  daily  for  up  to 
sixty  days.  ChE  activity  was  determined  spectrophotometrically  (14).  Enzyme  activity  in  the 
endplate  and  non-endplate  regions  from  control  rats  was  3.39  and  1.50  nmol  acetylthiocholine 
hydrolyzed  per  minute  per  milligram  tissue,  respectively.  Each  point  is  the  mean  ±  S.E.M.  of 
determinations  from  five  to  six  animals  per  group. 

♦Significantly  different  from  saline-injected  rats,  p  <  0.05. 
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Figure  13 

Effects  of  Chronic  Paraoxon  Administration  on  (A)  Plasma  ChE 
Activity  and  (B)  Red  Blood  Cell  AChE  Acth 

Rats  received  injections  (sc)  of  0.05  (•—■—•)  or  0.10  (• - •)  mg/kg  paraoxon  daily  for  up  to 

sixty  days.  ChE  activity  in  plasmq  and  AChE  activity  in  red  blo<xl  cells  was  determined 
spectrophotometrically  (14).  Enzyme  activity  in  plasma  and  red  blood  cells  from  control  rats  was 
0.67  and  1.40  nmol  acetylthiocholine  hydrolyzed  per  minute  per  milliliter,  respectively.  Each 
point  is  the  mean  ±  S.E.M.  of  determinations  from  five  to  six  animals  per  group. 

•Significantly  different  from  saline-injected  rats,  p  <  0.05 
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exposed  to  organophosphate  compounds.  Although  ChE  activity  was  depressed,  no  definitive 
conclusions  were  reached  concerning  indications  of  abnormalities  of  neuromuscular  function 
(116).  Abnormal  electromyographic  recordings  have  been  reported  in  40%  of  a  population  of 
agricultural  workers  (117),  but  these  findings  could  not  be  confirmed  in  a  random  group  of 
occupationally  exposed  workers  (118).  Other  possible  evidences  of  alterations  in  neuromuscular 
function  induced  by  chronic  insecticide  exposure  include  changes  in  the  Achilles  tendon  reflex 
amplitude,  low  evoked  muscle  action  potentials  and  low  motor  nerve  conduction  velocity 
(1 19,120),  although  the  latter  observations  could  not  be  reconfirmed  in  the  same  laboratory.  It  is 
possible  that  abnormalities  in  neuromuscular  function  observed  in  occupationally  exposed  workers 
may  result  from  pathological  alterations. 

in  summary,  chronic  exposure  of  rats  to  paraoxon,  at  doses  that  do  not  produce 
parasympathomimetic  effects,  leads  to  necrosis  of  skeletal  muscle  fibers.  Hence,  the 
organophosphate  ChE  inhibitors  may  cause  deleterious  effects  in  skeletal  muscle  in  the  absence  of 
other  signs  of  organophosphate  toxicity. 
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